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In the simplest model of eye growth, the ocular optics uniformly scale upwards, as do monochromatic higher<order
aberrations (HOA) and linear blur on the retina. However, measured HOA remain constant or decrease with growth in
some species. A new model, which holds HOA and the associated linear blur on the retina constant, was used to predict
changes in HOA and resulting image quality on the retina during growth, in each of chick, monkey, and human. Models used
rates of growth in each of the three species. Angular optical quality on the retina due to HOA, and its metrics improved, in
contrast to the constancy predicted by uniform scaling. The model with constant linear HOA blur predicts well the
improvement in human optical quality between infant and adult. Overall, in chick and monkey, angular blur improves at a
rate faster than that predicted by the constant linear blur model, implying that linear retinal blur due to HOA decreases with
age. On the other hand, in chick, angular blur due to third-order aberrations decreased at a rate predicted by the constant
linear blur model. Growth changes in retinal blur due to HOA are species dependent but can be better understood by
comparison with the new model predictions.
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Introduction
Eye models describe the optical properties that determine retinal image quality, predict growth-related
changes, and give improved understanding of developmental processes. With growth, the optics of the eye
change, potentially producing changes in image quality on
the retina. Changes in eye length and concurrent changes
in the refractive power of the optics produce decreasing
refractive error with normal growth (Hirsch & Weymouth,
1990). It is a vision-dependent process, referred to as
emmetropization, and occurs in many different species
including chicks, monkeys, and humans (Wallman &
Winawer, 2004). Young chicks, commonly used as a
model of emmetropization, exhibit a decrease in mean
ocular refraction (MOR; Irving, Callender, & Sivak, 1991;
Schaeffel, Glasser, & Howland, 1988; Wallman, 1991;
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Wallman, Turkel, & Trachtman, 1978), MOR variability
(Irving et al., 1991), astigmatism (Kisilak, Hunter, Huang,
Campbell, & Irving, 2008; Schaeffel, Hagel, Eikermann,
& Collett, 1994; Schmid & Wildsoet, 1997; Tian &
Wildsoet, 2006), and astigmatic variability (Kisilak,
Hunter et al., 2008). In monkeys (Qiao-Grider, Hung,
Kee, Ramamirtham, & Smith, 2007) and humans (Hirsch
& Weymouth, 1990), MOR, as well as astigmatism, and
their variability also decrease longitudinally beginning in
infancy. In humans, longitudinal chromatic aberration
decreases with age from infant to adult, which, combined
with increasing pupil size, produces a more constant
optical blur (Wang, Candy, Teel & Jacobs, 2008).
In addition to MOR, astigmatism, and chromatic aberration, higher<order monochromatic aberrations (HOA) also
contribute to the optical blur (image quality) on the retina
(Wetherell, 1980). The impact of HOA on retinal image
quality can be quantified by their root mean square (RMS)
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across the normalized pupil (HO RMSA). The impact of
HOA and diffraction can be analyzed exactly on the
retina in real (PSF j point spread function) and frequency
(OTF j optical transfer function) spaces or estimated
using a geometrical approximation of retinal blur, equivalent blur (EB; Kisilak, Campbell, Hunter, Irving, &
Huang, 2006). EB, which ignores diffraction, is simpler
to calculate as a function of age than the exact PSF and is
a valid metric from which to approximate the age variation of angular blur on the retina (Appendix E).
Schematic eye models have been used to predict optical
properties as a function of age for chicks (Irving, Sivak,
Curry, & Callender, 1996; Schaeffel & Howland, 1988), and
for monkey and human infants and adults (Lotmar, 1976;
Qiao-Grider et al., 2007; Rabbetts, 1998). However, they are
relatively complicated and predict only paraxial properties,
not HOA and retinal image quality. In the simplest
models of eye growth, the optics of the eye uniformly
expand (Brown, Koretz, & Bron, 1999; Koretz, Rogot, &
Kaufman, 1995). If the wavefront error is known at one age,
these models can in turn predict changes in retinal image
quality, with constant pupils (Howland, 2005; Kisilak,
Hunter, Campbell, Irving, & Huang, 2005), or with growing
pupils (Kisilak et al., 2005; Wang & Candy, 2005).
Across increasing age, for pupils held constant between
1.5 and 2 mm in chicks (Garcia de la Cera, Rodriguez, &
Marcos, 2006; Kisilak et al., 2006; Tian & Wildsoet, 2006)
and for 5-mm pupils in monkeys (Ramamirtham et al.,
2006), HO RMSA decreased with age. Chick (Garcia de la
Cera et al., 2006) and monkey (Ramamirtham et al., 2006)
modulation transfer functions (MTFs) also improved as did
the monkey PSF (Williams & Boothe, 1981).
Across growing pupils with a nearly constant numerical
aperture, HO RMSA in chicks remained almost constant
(Kisilak et al., 2006) or decreased slightly (Thibos, Cheng,
Phillips, & Collins, 2002). EB exponentially decreased
(Kisilak et al., 2006). Similarly, in humans, PSF blur from
HOA decreased although HO RMSA did not change
significantly between human infants and their parents (Wang
& Candy, 2005). In contrast, in monkeys, initially large HOA
in infancy decreased rapidly for growing pupils scaled with a
constant numerical aperture and the MTF due to HOA
improved (Ramamirtham et al., 2006). These age changes
with growing pupils are not predicted by current eye models.
However, it is known that ocular changes are more complex
than uniformly scaled growth (Qiao-Grider et al., 2007;
Spooner, 1959; Zadnik, Mutti, Fusaro, & Adams, 1995).
As the role of HOA in emmetropization and refractive
error development is not yet understood, it is important to
model their longitudinal behavior. In humans, some have
found an association between higher amounts of HO RMSA
and myopia (Collins, Wildsoet, & Atchison, 1995; He et al.,
2002; Llorente, Barbero, Cano, Dorronsoro, & Marcos,
2004; Marcos, Moreno-Barriuso, Llorente, Navarro, &
Barber, 2000; Paquin, Hamam, & Simonet, 2002) while
others find no association (Carkeet, Luo, Tong, Saw, & Tan,
2002; Porter, Guirao, Cox, & Williams, 2001) or suggest
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that blur from aberrations is not causal in refractive error
development (Carkeet et al., 2002; Charman, 2005). Crosssectional analyses in humans (Artal, Benito, & Tabernero,
2006; Kelly, Mihashi, & Howland, 2004; Llorente et al.,
2004) also come to differing conclusions as to whether HOA
changes during emmetropization and possibly refractive
error development are primary or secondary. HOA could
provide a signal to emmetropization (Campbell, Priest,
& Hunter, 2001; Hunter, Campbell, Kisilak, & Irving,
2003; Wallman & Winawer, 2004; Wilson, Decker, &
Roorda, 2002) as could chromatic aberration (Rucker &
Wallman, 2008) or astigmatism (Hunter et al., 2003; Kee,
Hung, Qiao, Habib, Smith, 2002; Kisilak, Hunter et al., 2008).
Kisilak et al. (2006) hypothesized that the observed
decrease in monochromatic EB (due to HO RMSA) in
chicks with growing pupils may be a component of
emmetropization. Tian and Wildsoet (2006) hypothesized
that HO RMSA emmetropized. HOA in a number of
species are affected by visual experience (Kisilak et al.,
2006; Kröger, Campbell, & Fernald, 2001; Ramamirtham
et al., 2006). However, Ramamirtham and co-authors have
suggested that decreases in HOA (Ramamirtham et al.,
2006) with growth in normally developing monkeys with
increasing pupils and changes observed with lens induction of myopia (Ramamirtham et al., 2007) are secondary
to emmetropization of refractive error.
Models of eye growth could help resolve the debate over
the primary or secondary nature of the observed changes in
HOA. Furthermore, there is a need for additional models of
eye growth that would simplify potentially complex
changes in the optical components into changes in the
wavefront aberrations and predict aging changes in image
quality. The new model, described here, has constant linear
blur on the retina and constant HO RMSA with growth. It is
motivated by the measurement of near constant HO RMSA
in chicks and humans. Model validation requires corresponding image quality measurements with increasing
pupil size. These are currently available for chicks (Kisilak
et al., 2006), monkeys (Ramamirtham et al., 2006), and
humans (Wang & Candy, 2005). Thus we will compare
predictions from wavefront models with experimental
measurements for these three species.

Methods
In three species, we compare two wavefront model
predictions with measured age-dependent changes in
optical quality. Using age-dependent scaling, based on
empirical data (Irving et al., 1996; Qiao-Grider et al.,
2007; Wang & Candy, 2005), we calculate the changes in
the optical quality of chick, monkey, and human eyes
predicted by each model. In chicks, we also calculate
image quality predictions from schematic eye models.
These predictions are compared to aberration data (Kisilak
et al., 2006; Ramamirtham et al., 2006; Wang & Candy,
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2005) and to corresponding calculated changes in the
optical image on the retina.
Metrics of image quality are single values that describe
some property of the image (Appendix A). Changes in
metrics as a function of age, predicted by the models, are
compared to those measured experimentally or calculated
from experimental changes in HOA. Metrics used
included those relative to the diffraction limit, such as
HO RMSA and Strehl ratio, as well as absolute image
quality metrics such as EB, PSF area at half-height, PSF
equivalent width, area under the radially averaged MTF,
and MTF entropy (Appendix A).

Description of optical models of eye growth
We consider two wavefront models of eye growth for
chick, monkey, and human and a schematic eye for chick.
The first model is of uniformly scaled growth (Movie 1),
analogous to previous models for chick (Kisilak et al., 2005)
and human (Wang & Candy, 2005). All ocular dimensions
increase proportionally with age (Hunter, Kisilak, Campbell,
Irving, & Huang, 2006; Kisilak et al., 2005; Wang & Candy,
2005), thereby keeping the f-number constant. The second
model with constant linear retinal blur is novel (Movie 2).
Constant HO RMSA combined with a paraxial scaling that
maintains a constant f-number with growth will be shown to
give constant linear blur on the retina.
For each species, the predicted changes in HO RMSA
and image quality for uniformly scaled and constant linear
blur eye models can be calculated from the observed
scaling, m, of the eye as a function of age. The models’
predictions of changes are, in turn, a function of the ocular
scaling, m, for a particular species. The models’ predictions depend on their optical properties as outlined below.

Movie 1. A schematic video representation of uniformly scaled
eye growth. With age, all ocular dimensions scale upwards by the
same amount. The result is magniﬁed wavefront aberration and
linear retinal blur due to HOA. The angular projection of the
geometric PSF into object space, E, remains constant. If the retina
also scales upwards, the PSF covers a constant number of cones
and angular resolution is constant. HO RMSA increases with age,
while equivalent blur (EB) remains constant.

Downloaded from iovs.arvojournals.org on 04/18/2021

3

Movie 2. A schematic video representation of eye growth with
constant linear retinal blur. With age, all ocular dimensions and
paraxial optics scale upwards, but the optics alter such that the linear
blur on the retina due to HO RMSA remains constant. This
corresponds to a constant wavefront aberration, which is stretched
in the increasing pupil. The angular projection of the PSF into object
space, E, reduces with age to EV. If the optic pole region of the retina
remains unchanged, as shown, the PSF covers a constant number
of cones and angular resolution improves. HO RMSA remains
constant with age, while equivalent blur (EB) decreases.

Optical properties with uniformly scaled eye growth

In the uniformly scaled model of eye growth, as described
previously (Howland, 2005; Kisilak et al., 2005; Wang &
Candy, 2005), all ocular components (including the pupil)
scale by a factor of m, which varies with age (Movie 1,
Appendix B). The constant f-number with growth was
justified by the small change in f-number between infant
and adult humans (Wang & Candy, 2005). As a result of
scaling, relative image quality metrics get worse with age.
For example, the RMSA in chick and monkey increases in
proportion to the exponential scaling factor (Table 1). The
angular geometrical blur due to HOA and its absolute
metric, EB, remain constant (Table 2). The decrease in
angular blur due to diffraction gives a slight decrease in
overall angular blur with increasing pupil size and age. This
is reflected in the slight improvement in the absolute
metrics, PSF area at half-height, and MTF entropy (Table 3,
Appendix B). Linear retinal blur will increase (Table 4,
Appendix B). The model can also be used to predict
retinal changes with growth. If retinal sampling stretched
proportionally to eye size (Movie 1), then angular
resolution of the retina would remain constant with age,
but linear resolution on the retina would worsen (Kisilak,
Bunghardt, Ball, Irving, & Campbell, 2008). However, the
primary focus in this paper is the optical change.
Optical properties of constant linear blur model

In both chicks and humans, it appears that changes,
more complex than uniformly scaled growth, result in
almost constant HO RMSA with age (Kisilak et al., 2006;
Wang & Candy, 2005). In our model with constant linear
retinal blur, the eye again increases in size (by a scaling
factor, m) maintaining a constant f-number, but now the
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Uniformly scaled model

Constant linear blur model

Observed

Increasing; t50 = 46 days
Increasing; t50 = 196 days
Increasing; 1.5

Constant
Constant
Constant (=1)

Decreasing; t50 = 47.5 days*
Decreasing; t50 = 18–41 days
Increasing; 1.15*

Table 1. Changes in the wavefront error (HO RMSA), a relative image quality metric, with growth. Observed values in this table and
Tables 2–4 for chick, monkey, and human are based on previously published results (Kisilak et al., 2006; Ramamirtham et al., 2006;
Wang & Candy, 2005) and on new analysis of changes with increasing age. A smaller t50 indicates a faster improvement in image
quality with increasing age. For comparisons between adult and infant, a number greater than 1 indicates a decrease in image quality
with increasing age. *Not signiﬁcantly different from a constant value with age.

axial length and optics change so as to maintain a constant
linear blur due to defocus and HOA (Table 4), respectively
(Movie 2). The dependencies of aberrations, retinal blur,
and metrics of retinal image quality on the scaling factor
are derived in Appendix C. The constant HO RMSA
(Table 1) results in decreasing angular blur (Table 2),
proportional with the scaling factor, but constant linear
retinal blur. Other relative image quality metrics are also
constant. Angular metrics of absolute image quality
(Table 3) show an improvement with scaling. The specific
mechanics of optical changes are irrelevant; it is the net
result on the wavefront aberration that is important. The
optics (including cornea, pupil, and crystalline lens) could
still change such that their paraxial properties scale, but
their peripheral structure and/or alignment could change to
keep linear retinal blur and HO RMSA constant, via
mechanisms that will be addressed in the discussion. In
turn, angular retinal sampling could improve (see discussion of mechanisms).

Determination of rates of eye development:
Scaling of ocular parameters for eye models
We determine the proportional change in eye size, m, as
a function of age and assess the assumption of constant
f-number in our models.

accuracy of the assumption of the models of constant
f-number. The exponential nature of these best fits to chick
biometric data and ocular scaling with age led to an m that
changed continually and exponentially with age. The time
to a 50% increase in eye size from the initial value, t50,
was calculated. An envelope of scaling factors (m) with
age was determined from the exponentially fit coefficients
within which all measured ocular parameters fell.
Monkey

In monkey, we used published values of the changes
in ocular biometric parameters (Qiao-Grider et al.,
2007; Ramamirtham et al., 2006). In particular, we used
t50 values; the time for an ocular dimension (fitted to
exponentials that increased or decreased to constant
values) to change by 50% of the difference between its
initial and final values. Complete data for pupil size changes
with age were not available. Therefore, as was done to
calculate aberrations as a function of eye size (Ramamirtham
et al., 2006), uniformly expanding and constant linear blur
models were constructed with pupils and eye sizes that
expanded at the same rate (m) as ocular length.
Human

In human, we used published values of ocular scaling
from the infant to the adult eye (Qiao-Grider et al., 2007;
Wang & Candy, 2005).

Chick

In chick, for which we have the most complete data set,
we fit exponential curves to previously published ocular
parameter changes with age (White Rock: Irving et al.,
1996; Ross Ross: Kisilak et al., 2006) and to unpublished
experimental data from our laboratory for changes in pupil
size. This allowed us to determine m and to assess the
Species
Chick
Monkey
Human adult/infant

Eye model predictions
Schematic eye models of the developing chick

We examined predictions from previously developed,
anatomically based schematic chick eye models for days 0,

Uniformly scaled model

Constant linear blur model

Observed

Constant
Constant
Constant (=1)

Decreasing; t50 = 46 days
Decreasing; t50 = 196 days
Decreasing; 0.67

Decreasing; t50 = 22 days
Decreasing; t50 = 18–50 days
Decreasing; 0.77y

Table 2. Changes in equivalent blur (EB) due to HOA, an absolute image quality metric, with growth. A smaller t50 indicates a faster
decrease in angular blur with increasing age. For comparisons between adult and infant, a number less than 1 indicates an improvement
in image quality with increasing age. ySigniﬁcantly different from 1 but not from 0.67.
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Uniformly scaled model

Constant linear blur model

Observed

Small improvement
Small improvement
Small improvement

Faster improvement; t50 = 23 days
Faster improvement; t50 = 23 days
Larger improvement; 1.44

Fastest improvement; t50 = 7.5 days
Fastest improvement; t50 = 12.3 days
Largest improvement; 1.6

Small improvement

Largest improvement; 0.67

Larger improvement; 0.76y

Table 3. Improvements in metrics of angular PSF and MTF due to HOA, measures of absolute image quality, with growth. Among the
models and observations, for a given metric and species, a smaller t50 indicates a faster improvement in image quality with increasing
age. For comparisons between adult and infant, a number greater than 1 for the MTF area indicates an improvement in image quality,
whereas a number less than 1 indicates an improvement in image quality for the PSF width. Improvements are compared among the
models and observations (across a row). A uniformly expanding model predicts a small improvement in image quality with age (not
quantiﬁed) due to the decreased inﬂuence of diffraction at larger pupils. ySigniﬁcantly different from 1 but not from 0.67.

7, 14 (Irving et al., 1996), and 30 (Schaeffel & Howland,
1988). These simplified, rotationally symmetric models
approximate the refracting surfaces as spheres and do not
consider the gradient of refractive index (GRIN) in the
crystalline lens. With age, the pupil radius was increased
according to the experimental rate of change (Kisilak et al.,
2006). The f-number in this model decreases with growth
by less than 20%. Axial lengths were adjusted to minimize
the Zernike spherical defocus term. Because these models
do not incorporate tilts and decentrations of the optical
elements, they will predict null asymmetric aberrations.
Hence, only the spherical aberration Zernike coefficients
(SA) were determined for each model in Code V,
normalized to the day 0 value, plotted versus chick age
and fit with exponentials.
Ocular scaling of wavefront models

By substituting the determined scaling values (m) at
each age into the uniformly scaled and constant linear blur
models, predictions of changes in image quality measurements were determined for each of the three species.

Retinal image quality observed in the
developing eye
We used previously published HO RMSA and more
complete HOA data for 0- to 14-day-old chicks (Kisilak
Species
Chick
Monkey
Human adult/infant

et al., 2006), published HO RMSA and MTF data for
monkey eyes as a function of age (Ramamirtham et al.,
2006), and published HO RMSA and PSF data for infant
and adult humans (Wang & Candy, 2005).
For all three species, from the HO RMSA data,
measured at increasing pupil radii, EB was calculated to
estimate the angular blur on the retina as a function of age
(Appendix D). Linear retinal blur was then calculated
from EB (Appendix D).

Chick

For chicks, data were available to separately assess the
third- and fourth-order RMSA. The experimental rate of
change of EB was found both from individual RMSA and
pupil data points and from fits to these data. The chick
EBs across age for third- and fourth-order and total HOA
were fit with exponentials.
In addition, the Zernike coefficients were recalculated
(Schwiegerling, 2002) for each eye on each day for the
largest common pupil among that day’s images. For each
bird, the resulting HOA Zernike coefficients were averaged across frames on each day. The corresponding
angular PSFs and OTFs were calculated for HOA (thirdand fourth-order) alone and in combination with astigmatism and defocus terms (second<order and up).
Image quality metrics for the PSFs and MTFs were
averaged and standard errors were calculated across birds

Uniformly scaled model

Constant linear blur model

Observed

Increasing; t50 = 46 days
Increasing; t50 = 196 days
1.5

Constant
Constant
Constant (= 1)

Decreasing; t50 = 42 days
Decreasing; t50 = 18–41 days
1.15*

Table 4. Changes in linear retinal blur (LRB), a geometrical approximation of the change in the linear half-width of the PSF due to HOA
with growth. This is an absolute measure of image quality on the retina. A decreasing half-width indicates an improvement in image
quality. A smaller t50 indicates a more rapid change (either increasing or decreasing) with increasing age. For comparisons between adult
and infant, a number greater than 1 indicates an increase in linear blur on the retina with increasing age. *Not signiﬁcantly different from a
constant value with age.
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on each day (Hunter, 2006). These angular metrics were
fit with exponential functions of age and their t50s were
calculated.

increasing exponentially in the expanding eye model and
remaining constant in the models with constant linear blur
(Appendices B and C; Tables 1 and 4).

Monkey

Chick

Literature values of HO RMSA were calculated for
pupil sizes, which changed at the rate of change of eye
length (Ramamirtham et al., 2006). HO RMSA appears to
decrease exponentially to an almost constant value beyond
day 200 while pupil size increases to a maximum. MTF
data at a constant f-number was also used.

The uniform expansion of the chick eye occurred with a
t50 of 46 days. The scaling value, m, for chicks reached a
value between 1.2 and 1.3 on day 14 compared to day
0. Resulting predictions of the uniformly scaled and
constant linear blur models for chicks are shown in
Figures 2–4 and in Tables 1–4. For the eye model with
constant linear blur, EB and other absolute image quality
metrics will reduce exponentially with the t50s shown in
Tables 2 and 3.

Human

In humans, the change from infant to adult in HO
RMSA and PSF were taken from Wang and Candy (2005).
Monkey

Comparison of predicted and observed retinal
image quality
The predictions of change in image quality for each of
the two models were compared with the change in image
quality given by experimental measurements for each of
the three species. In particular, the time courses of HO
RMSA, EB, and changes in metrics of PSF and MTF were
compared with the two models predictions of their time
courses. In chick, differences between prediction and
experiment were deemed significant if the t50s T standard
error for the exponential regressions to the experimental
data did not overlap with those for the model prediction
envelopes. The rate of change of the SA of the schematic
eye models for chicks was compared to the SA of the
scaled models and to its experimentally observed change.

Results
Optical properties of the eye models
Predictions of the models of eye growth are given in
Appendices B and C and illustrated in Movies 1 and 2 for
a general scaling of the eye, m. Following the determination of m for each species, numerical results for chick,
monkey, and human eyes are summarized in Tables 1–4.

Wavefront models
Across species

For all models, HO RMSA and the geometric linear blur
on the retina are predicted to behave in the same manner,
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Eye expansion occurred at a t50 of 196 days (QiaoGrider et al., 2007). The scaling value, m, used in the
monkey eye reached a value of 1.3 on day 1500
compared to day 20 (Qiao-Grider et al., 2007). Resulting
predictions of the uniformly scaled and constant linear
blur models for monkeys are shown in Figure 5 and in
Tables 1–4. For the constant linear blur model, the area
under the MTF would be expected to improve as the
square of the 1.2 times increase in pupil diameter between
23 days and 4–5 years of age. Values of the MTF area at
these ages were compared (Ramamirtham et al., 2006;
Appendix C, Table 3).
Human

Axial length expansion occurred at a t50 of 584 days
(Qiao-Grider et al., 2007). HO RMSA and the geometric
linear blur on the retina are predicted to increase
exponentially in a uniformly expanding model and remain
constant in the model with constant linear blur. Given the
change in ocular size by a factor (m) of 1.5 from the
human infant to adult, Wang and Candy (2005) have
predicted the increase of 1.5 in HO RMSA from a
uniformly expanding eye model. We add predictions of
the angular and linear blurs, a metric of the PSF on the
retina, and predictions of the model with constant linear
blur (Tables 1–4).

Schematic eye models of the developing
chick
For symmetric, schematic eye models, HO RMSA
consists solely of SA. The HO RMSA in the chick
schematic eye models increased monotonically as a
function of age. The rate of this increase in HO RMSA
was substantially faster than the uniformly scaled eye
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Figure 1. Angular point spread functions (PSFs) due to HOA alone (13.6 arcmin across each image) with increasing age for a sample
chick eye. The PSFs are normalized to a peak intensity of 1 (white); black is zero intensity. PSFs improve (are smaller) with age. The
impact of HOA is visible at day 0. Both relative and absolute image quality metrics (Figure 3) of total quality and that due to HOA improved
with growth. The rates of change of the absolute image quality metrics are given in Table 3.

model. Both predict that image quality deteriorates with
age (Figure 4).

infant to adult with the metric PSF equivalent width
(Thibos, Hong, Bradley, & Applegate, 2004) improving
significantly to 76% of the infant value (Table 3), consistent with the results given by EB (Appendix E).

Optical image quality measured in the
developing eye
Chick

HO RMSA did not change significantly during development (Kisilak et al., 2006; Figure 2a) but showed a nonsignificant decrease with a t50 of 47.5 days. Given the
rates of change of HO RMSA and pupil radius, EB due to
overall HO RMSA reduced significantly exponentially
with a t50 of 21.7 days and its third-order and fourthorder components also reduced exponentially with age
(Figures 2c and 2d, Table 2).
The PSFs (Figures 1 and 2) and MTFs due to HOA and
their metrics (Figure 3) showed rapid improvements (PSFs
are smaller; MTFs are more voluminous) with increasing
age (Table 3), consistent with the behavior of EB
(Appendix E).

Monkey

The observed decrease in HO RMSA and linear retinal
blur in growing monkeys (Ramamirtham et al., 2006) with
a t50 between 18 and 41 days (for fits of the published
data up to 200 days or 1500 days, respectively) indicates
retinal image quality improvement (Tables 1 and 4). For
coma and SA fit up to 200 days, t50s were more rapid and
slower, respectively. EB has a similar t50 to HO RMSA
(Figure 2b, Table 2). Areas of MTFs due to HOA
calculated for a constant f-number showed a substantial improvement between infant and older monkeys
(Ramamirtham et al., 2006; Table 3).
Human

HO RMSA in infants (Wang & Candy, 2005) was 87% of
the adult value, giving adult values of HO RMSA and linear
retinal blur 1.15 larger than the infant value (Tables 1 and 4).
Given this result and the pupil scaling of 1.5 from infant
to adult, the angular EB on the retina (Equation A1) in
the adult eye will be 77% of the value in the infant eye
(Table 2). PSF and MTF due to HOA improved from
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Experimental results compared to theoretical
predictions
Chick

The variation in SA (HO RMSA) predicted by the
schematic eye models of the developing chick as a
function of age show an increase (decrease in image
quality) that is more rapid than that of the uniformly
scaling eye model and does not agree with the measured
decrease in SA (increase in image quality; Figure 4).
The non-significant change in HO RMSA during
development was in agreement with the constant linear
blur model (Figure 2a, Table 1). However, the reduction
of EB with age was more rapid than the envelope of
predictions from the constant linear blur model
(Figure 2b, Table 2) and consistent with an overall
decrease in HO RMSA. However, if the components of
HOA are considered, the experimental decrease of thirdorder EB was not significantly different from the envelope
predicted by the constant linear blur model (Figure 2c),
consistent with constant linear retinal blur due to asymmetrical aberrations. On the other hand, the experimentally determined time constant for the reduction in EB due
to fourth-order RMSA was significantly faster than the
envelope of predictions from the model with constant
linear blur (Figure 2d, Table 4).
The improvements with growth of relative image
quality metrics calculated from the PSF and the MTF of
total quality and that due to HOA are inconsistent with
the constant linear blur model’s prediction of constancy. The exponential improvements in the absolute
image quality metrics in real (Figure 3a, Table 3) and
frequency (Figure 3b, Table 3) spaces are also faster than
the predictions of the constant linear blur model.
Monkey

A decrease is observed in HO RMSA in growing
monkeys (Ramamirtham et al., 2006) where the uniformly
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expanding model predicts an increase and the constant
linear blur model predicts constancy (Figure 5a, Table 1).
EB due to HOA and MTF area have faster improvements
than the predictions for either the uniformly expanding
or the constant linear blur models (Figure 5b, Tables 2
and 3). Coma decreased faster and SA more slowly than
HO RMSA, but image quality due to these aberrations
also improves with growth, faster than predicted by either
eye model.
Human

HO RMSA in adult was 1.15 the infant value rather
than the 1.5 predicted by uniform expansion (Wang &
Candy, 2005; Table 1). This smaller increase is not
significantly different from the constancy in HO RMSA
predicted from our model with constant linear retinal blur.
The angular EB on the retina of the adult eye is
calculated to be 77% of that in the infant eye, rather than
the constancy predicted by the uniformly expanding
model. Although larger than the decrease to 67%
predicted by the model with constant linear retinal blur,
the experimental and model results were not significantly
different (Table 2). The linear retinal blur is estimated to
be 15% larger in the adult eye, smaller than the 50%
increase predicted by the uniformly expanding model and
not significantly different from the constancy predicted by
our new model (Table 4).
Improved MTFs and PSFs due to HOA were seen in the
adult compared with the infant eye (Wang & Candy, 2005).
An exact diffraction calculation for the uniformly scaled
model is likely to show a small improvement due to the
reduced effects of diffraction at the larger pupil. The
substantial significant improvement observed in the metric
PSF equivalent width (24%) is closer to the prediction of a
33% improvement by the model with constant linear
Figure 2. Experimental higher<order RMS aberrations (HO RMSA)
and equivalent blur (EB) due to HOA across growing pupils are
plotted versus chick age (days; closed circles). The error bars
represent the standard errors of the experimental data. Signiﬁcant
exponential ﬁts to the data (V; replotted from Kisilak et al., 2006)
are shown along with the envelopes (shaded regions) of the
uniformly scaled (– – –) and constant linear blur model (–II–)
predictions. (a) Uniform scaling (envelope shown as shaded
region) and constant linear blur models predict that HO RMSA
should increase by the ocular scaling factor with age or remain
constant, respectively. (b) EB due to HOA decreased with age at a
rate that was signiﬁcantly faster than the lower edge of the
envelope (shaded region) for the prediction from the constant
linear blur model and inconsistent with the uniformly scaled
model’s prediction of constancy. (c) For third-order EB, the lower
envelope (shaded region) of the constant linear blur model
prediction overlaps the best ﬁt to the experimental data but
(d) the fourth-order data decrease signiﬁcantly faster than either
model’s prediction.
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holding it fixed (non-uniform model) within a pupil that
scales upwards with age at the same rate as the distance to
the focus near the retina. Our predictions of MOR, HO
RMSA, and angular retinal blur from uniformly scaled
optical eye models for chicks (Kisilak et al., 2005) and
monkeys are similar to those of Wang and Candy (2005)
for humans. Additionally, we analyzed the EB on the
retina and the linear retinal blur. We have also predicted
optical changes during eye development using a novel
model of growth with constant linear retinal blur in chicks
(Hunter et al., 2006) and have developed this model for
growing monkey and human eyes. The near constancy of
HO RMSA in this new model, rather than suggesting little
change in optics, suggests stretching of the wavefront
error within a growing pupil with no change in phase.
Although the outcome of constant HO RMSA is simple,
the mechanisms that produce it would be more complex
(see discussion of mechanisms).
Both wavefront models assume that the f-number
remains constant with growth, the pupil and focal length
scale at the same rate. This is a good approximation for
broiler chicks as the focal power (Irving et al., 1996;
White Rock) and mean pupil diameters (Kisilak et al.,
2006; Ross Ross) give a change in f-number with age
close to zero (11%). In humans, pupil size and axial length
scaled similarly (Wang & Candy, 2005). In monkeys, HO
RMSA was calculated while assuming pupil size scaled
with axial length (Ramamirtham et al., 2006). A direct
age-related pupil measurement would test the validity of
the assumption in monkeys.
Figure 3. Comparison between the experimental variation in (a)
PSF area at half-height and (b) MTF entropy with age and the
envelopes (shaded region) of predictions of improvement from the
constant linear blur models of eye growth (–II–). The open
triangles represent second-order aberrations and up, while the
closed circles are for HOA alone. Since MTF entropy increases
with improving image quality, it was plotted in reverse. Exponential regressions and the model’s predictions appear linear on this
log scale. Image quality due to HOA and total blur improve faster
than the model’s predictions. A uniformly scaled model would
predict even less improvement in image quality (Table 3).

retinal blur than to a uniformly expanding model.
Furthermore, the standard deviations on the infant and
adult values encompass a value of 33% as predicted by the
model with constant linear retinal blur (Table 3).

Discussion
Models of eye growth
The two wavefront eye models discussed are equivalent
to scaling the wavefront upwards (uniform model) or
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Figure 4. The best ﬁt (V) to experimental spherical aberration (SA)
versus chick age (closed circles; replotted from Kisilak, 2005)
decreases with age contrary to predictions of an increase (best
ﬁts to the schematic eyes (III) and the envelope (shaded region) of
the uniformly scaled model (– – –)) and constancy (non-uniformly
scaled model (–II–)). The error bars represent the standard errors of
the experimental data. The schematic eyes predict a faster
increase in SA than the uniformly scaled model (shaded region).
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aberration observed in living chick eyes. More precise
optical modeling would require accurate age-dependent
measurements of surface asphericities, asymmetries, ocular
component alignment, and the crystalline lens gradient of
refractive index (GRIN), which are challenging to obtain
with the required precision in small, young eyes. Alternatively, a more general wavefront model could be
developed.

Comparison of wavefront model predictions
and experimentally determined retinal
image quality
Across species

Figure 5. Higher<order RMS aberrations (HO RMSA) and equivalent
blur (EB) due to HOA across growing pupils are plotted versus
monkey age (days). Signiﬁcant exponential ﬁts to experimental data
(V) for monkey (Ramamirtham et al., 2006) are shown along with
the uniformly scaled (– – –) and constant linear blur model (–II–)
predictions. (a) Uniform scaling and constant linear blur models
predict that HO RMSA should increase by the ocular scaling factor
with age or remain constant, respectively, while the observed HO
RMSA decreased. (b) EB due to HOA decreased with age at a rate
that was signiﬁcantly faster than the prediction from the constant
linear blur model and inconsistent with the uniformly scaled model’s
prediction of constancy.

In contrast to the wavefront models, biometry in monkeys
and humans (Qiao-Grider et al., 2007; Zadnik et al., 1995)
indicates a lack of uniform ocular scaling and meridional
asymmetry (Ramamirtham et al., 2006). Nonetheless,
uniformly scaled models may provide insight into underlying mechanisms of image quality changes with growth.
Moreover, in chicks, age changes in optical quality due to
HOA of both scaled models agree better with observed
changes than age-dependent schematic eye models (with
spherical surfaces). In addition to their lack of asymmetrical aberrations, the schematic eye models used here
do not incorporate any surface asphericities and hence
are poor predictors of the age change in spherical
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Wavefront models, which grow exponentially for all
three species, predict image quality, which when not
constant, changes exponentially with age. The longitudinal
experimental data for chick and monkey, when not constant,
improved, also exponentially. However, uniformly scaled
eye growth does not predict the observed change in HO
RMSA or accurately predict the t50s of the experimental
improvement in image quality metrics (due to HOA) in
developing chick, monkey, or human eyes. Therefore, we
confirm for chicks that more than a simple uniform
expansion of the eye occurs during normal development
(Kisilak et al., 2006), as previously found in monkeys
(Qiao-Grider et al., 2007) and humans (Wang & Candy,
2005).
In order to maintain constant HO RMSA as observed
with age (chick and human), or reduce angular retinal blur
from HOA with growth (chick, monkey, and human), the
shape and possibly the alignment of the anterior optics of
the eye must change, reducing the blur below that in a
uniformly scaled eye.
Chick

While the decrease in HO RMSA is not significant, a
decrease is consistent with other relative and absolute
metrics of angular image quality. These improve faster
than the constant linear blur model (Figures 2b and 3).
This is consistent with the previous result that, for
constant pupil diameters, image quality improved faster
than a uniformly expanding model of eye growth (Kisilak
et al., 2006). Collectively, the results imply that angular
and linear retinal image qualities due to HOA improve
with age beyond the decreasing impact of diffraction.
Monkey

The published decrease in HO RMSA, the improvement
in the corresponding MTF (Ramamirtham et al., 2006),
and the calculated decrease in EB due to HO RMSA in
growing monkeys indicate retinal image quality improvement at a rate faster than the prediction of the model with
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constant linear retinal blur. Thus, the linear retinal blur
due to HO RMSA decreases with age.
Human

Non-significant changes with age in HO RMSA (Wang
& Candy, 2005) and linear retinal blur are consistent with
our new model. The observed improvement with age in
angular retinal blur (Wang & Candy, 2005) encompasses
the change predicted by the model. Thus, in humans, HO
RMSA and angular blur due to HOA with growth are
consistent with our model of constant linear retinal blur
between infant and adult.

Components of higher<order retinal blur
with increasing age
In humans, the relative rates of change of differing
aberration components with growth are unpublished. The
time courses of different elements of retinal blur differ
within and between species (chick and monkey). In
chicks, in the presence of second-order aberrations and
higher, PSF area at half-height and MTF entropy
improved with growth similarly to blur due to MOR
(Kisilak et al., 2006) but at a different rate than these blur
metrics for HOA (Figure 3). Angular blur due to thirdorder aberrations decreased in a manner consistent with
constant linear retinal blur, while fourth-order aberration
blur decreased more rapidly (Figures 2c and 2d). In contrast,
in monkeys, coma (third<order) decreased more rapidly
than spherical aberration (fourth<order; Ramamirtham et al.,
2006) and the blur from both decreased more rapidly than
predicted by the model.
A difference in time course among HOA types is not
surprising because symmetrical (fourth<order) aberrations are
impacted by surface curvatures and their asphericities,
while asymmetrical (third<order) aberrations are altered by
optical component asymmetries and alignment. In contrast
to Howland’s (2005) equation, the relative contributions of
symmetric and asymmetric aberrations to image quality
in chicks vary with age (Kisilak et al., 2006), altering
the shape of both the constant and varying pupil PSFs
(Figure 1) and giving an age dependence of the constant
pupil wavefront error.

Mechanisms of constant or decreasing HO
RMSA and decreasing angular blur during
ocular growth
Our results show that the age change in linear retinal
blur is species dependent. The linear retinal blur due to
HOA in humans and to third<order HOA in chicks (and
the corresponding HO RMSA) are approximately constant
with age. Overall linear blur (and HO RMSA) in chicks
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and monkeys decrease with age. Uniform ocular expansion
worsens aberrations and cannot explain the improvements
in image quality with age. Hence, more complicated optical
changes are required to produce the observed results.
Possible mechanisms of constant HO RMSA within the
growing pupil (Movie 2; Campbell, Hunter, Kisilak, &
Irving, 2008) include an age-independent linear accuracy
of optical alignment and/or surface shapes. Constant linear
deviations from perfect shapes could give constant HO
RMSA. This could represent either passive non-uniformities
or an accuracy limit within an active, feedback mechanism
during component growth. On the other hand, wavefront
defects within the smaller pupil at a young age may passively impact the overall HO RMSA progressively less as
the eye grows, giving decreasing HO RMSA.
Constant linear misalignment of the optical elements
could passively cause a decrease in the angular misalignment
of ocular components with age and a more constant wavefront error, in contrast to the increase predicted by uniform
expansion. To our knowledge, there have been no measurements of the alignment of the optical surfaces or angle
lambda in the chick or monkey eye during eye growth. In
humans, crystalline lens tilt decreases with age (Hu, Jian,
Cheng & Hsu, 2006). Alternatively, a constancy of the
posterior pole geometry, as suggested with growth (De Silva
et al., 2006; Larsen, 1971) and across refractive errors
(Tabernero, Benito, Alcon, & Artal, 2007) in humans, could
passively give a decreasing angle between the area centralis
and optical axis and would give more constant aberrations
compared to those in uniform scaling with a constant
angular distance. A decreasing angle lambda with growth is
seen in humans (Riddell, Hainline, & Abramov, 1994).
A decreasing angular distance of the fovea to the optical
axis and thus more constant linear blur would be suggested
in monkeys by the constancy of posterior pole geometry seen
in vitro (Packer, Hendrickson, & Curcio, 1990). However,
Quick and Boothe (1992) suggested that angle lambda and
the Hirschberg ratio in monkeys do not change as a function
of age and this would be expected to give increasing linear
retinal blur. Thus, the decrease in linear retinal blur in
monkeys with age is surprising and may be due to improved
quality of the optics independent of foveal position. The
mechanisms for improving image quality discussed could be
active or passive, or a combination of both.
The decrease in the amount of angular retinal blur with
age, observed in each of the three species, could be driven
actively by an improving visual system sensitivity to blur
through a number of possible mechanisms. Firstly, if
retinal linear sampling remained constant, then angular
sampling would improve during growth. This could be
true if there were little or no expansion of the retina in the
area centralis, as found in monkeys (Packer et al., 1990)
and postulated in growing (Larsen, 1971) and myopic
humans (Atchison et al., 2004) or if there is little change
in central retinal ganglion cell density, as found in chicks
(Straznicky & Chehade, 1987) (in spite of an overall
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decrease in ganglion cells (Chen, Wang, Shibata, & Naito,
2004)). Alternatively, the cones and other retinal sampling
elements at the visual axis may increase in numbers,
giving increased angular sensitivity due to cone migration
as the eye grows in humans and monkeys (Chen & Naito,
1999; Hendrickson & Yuodelis, 1984; Packer et al., 1990;
Springer & Hendrickson, 2005; Yuodelis & Hendrickson,
1986). This increase in sampling could counteract retinal
stretching and even improve sampling with age in order to
adequately sample the improving angular blur. Thirdly, cones
continue to develop with age in primates (Hendrickson &
Drucker, 1992; Lopez, Lopez-Gallardo, Busturia, Anezary,
& Prada, 2005; Narayanan & Wadhwa, 1998) and differentiation of oil droplets and presumably cones is complete
in the chick between hatching and day 15 (Lopez et al.,
2005), potentially giving improved cone sensitivity to
retinal blur. If any of these mechanisms give linear retinal
sensitivity to blur, which is constant or improving with
age, the angular extent of retinal blur could decrease via
feedback mechanisms from the retina to the optics (Kelly
et al., 2004; Kröger et al., 2001).

12

monkeys, both trefoil and spherical aberration changed in
response to lenses (Ramamirtham et al., 2006). These
results suggest the possibility of an active emmetropization of some HOA components in chick and monkey
eyes.

Extension of models
Retinal and visual system changes with growth

The retinal blur may match the visual system sensitivity
to blur from a young age. In this case, a change in retinal
sensitivity to linear blur as a function of age could be
predicted from the difference between the constant linear
blur model prediction and the actual decrease in image
quality. Differences among species in the rate of decrease
in image quality could result from a mismatch of blur to
sensitivity at a young age, from differing initial relative
amounts of defocus and HOA blurs or from differing age
changes in visual sampling and/or sensitivity (Bumsted &
Hendrickson, 1999; Hendrickson, 1992).
Other species and ages

Defocus and HOA retinal blur during eye
growth
Although defocus emmetropizes primarily through eye
length changes (Irving et al., 1991; Qiao-Grider et al.,
2007; Schaeffel et al., 1988), a scaled model of growth is
still a good approximation of the paraxial optics for the
species considered. This is because the fine-tuning of
ocular length required to reduce the refractive errors
during normal growth is much smaller than the overall
change in eye size.
The anterior segment changes necessary for constant
linear blur in humans or decreasing linear blur in chicks
and monkeys could occur either through passive mechanisms or retinal controlled changes, unrelated to the
tuning of length. In chicks and monkeys, defocus and
HOA blurs have different rates of change (Figure 3 for
chick) and HO RMSA in monkey decreases at a rate faster
than the increase in eye length or corneal radius
(Ramamirtham et al., 2006, 2007). Thus changes in
aberrations in normal monkeys and chicks do not appear
to be secondary to defocus emmetropization.
In chicks and monkeys, the retinal blur due to HOA
decreased with age faster than a model with either
uniform expansion or constant linear retinal blur and
these decreases were interrupted by lens treatment
(Kisilak et al., 2006; Ramamirtham et al., 2007). Thirdorder aberrations increased soon after goggling in chick
eyes undergoing lens induction of myopia and subsequently reduced at a rate different from that of refractive
error emmetropization to the goggle power (Kisilak et al.,
2006). This is consistent with individual compensation
and fine-tuning of coma in humans (Kelly et al., 2004). In
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The constant linear blur model developed here could
predict changes in optical quality during normal development in other species, provided that ocular growth can be
approximated by a scaling function. Data are available for
many animals that emmetropize, including older chicks
(Schaeffel & Howland, 1988), humans (Qiao-Grider et al.,
2007), marmosets (Coletta, Troilo, Moskowitz, Nickla, &
Marcos, 2004; Graham & Judge, 1999), tree shrews
(Norton & McBrien, 1992), guinea pigs (Howlett &
McFadden, 2007), and the rat, for which there is not yet
convincing evidence of emmetropization (Guggenheim,
Creer, & Qin, 2004). Corresponding image quality
measurements would be required for a comparison
between the model and the experimental data.
Myopic eye growth

Image quality changes during the induction of myopia
in human and animal models might also be predicted from
analogous models of eye growth. In young chicks wearing
j15D goggles, there is an initial delay and a subsequent
reduction of HOA with growth (Kisilak et al., 2006).
Chick aberrations were not proportional to the duration of
myopia induction, nor were they monotonic with the
amount of myopia induced (Kisilak et al., 2006). These
longitudinal optical quality measurements (Kisilak et al.,
2006) suggest complex ocular changes in response to
goggling. Length changes could contribute (without any
optical component changes) to aberration changes (Cheng,
Bradley, Hong, & Thibos, 2003), but our analysis of chick
eye models suggest that this does not occur in chicks
(Hunter, 2006). Ignoring aberration changes with eye
length, a goggled eye may initially scale uniformly in size,
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leading to a delay in the decrease in HOA EB in the
goggled eye relative to the control (Kisilak et al., 2006).
The subsequent decrease in HOA EB (Kisilak et al., 2006)
indicates that the linear blur due to HOA on the retina
decreases with age even as the eye continues to grow in
response to the goggle. This further indicates that changes
in HOA are not secondary to myopia induction.

Conclusions
Rates of ocular component growth can be used to
predict changes in optical quality on the retina with
normal development according to two relatively simple
models of the behavior of wavefront aberrations. One
model uniformly scales with growth, while the second,
new model holds linear blur constant on the retina.
Consequently, wavefront aberration, normalized to the
pupil radius, is also constant with growth. Predictions of
image quality from HOA given by these simple models
are superior to those of schematic eye models with
spherical surfaces. Comparison of wavefront model
predictions with experimentally measured changes in
wavefront aberrations and resulting retinal blur for chicks,
monkeys, and humans showed that, in all three species,
the observed improvement in angular blur due to HOA is
more rapid than the constancy given by uniform ocular
expansion. Thus, the shape and/or angular alignment of
the anterior optics of the eyes must change with growth.
In chicks, blur due to third-order aberrations and, in
humans, total blur due to HOA decreased at a rate
consistent with the model with constant linear retinal
blur. These results could be explained by constant wavefront error caused by an age independence of linear
optical alignment accuracy or a reducing angle of the area
centralis to the optical axis. In chicks and monkeys, linear
retinal blur due to HOA decreases with age. Thus, the age
change in linear retinal blur is species dependent, as are
changes in the retina with age, which could influence
visual sensitivity to retinal blur. Furthermore, in chicks,
the asymmetric component of retinal blur and in monkeys,
symmetrical and asymmetrical components decreased
with age faster than uniformly scaled model predictions
and these decreases were interrupted by lens treatment
(Kisilak et al., 2006; Ramamirtham et al., 2007). This and
the difference between the rate of decrease in aberration
blur and the rates of eye growth and the emmetropization
of defocus suggest that HOA changes are not secondary to
either overall growth or defocus changes. They are potentially consistent with emmetropization of some aberration
components. Comparison of aberration measurements with
model predictions provides insight into growth changes in
the ocular optics and the potential role of HOA in
emmetropization and refractive error development.
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Appendix A
Metrics of ocular image quality
There are several ways to evaluate image quality. HO
RMSA wavefront error is a well-established metric that
describes wavefront changes normalized in the pupil
relative to the diffraction limit. Relative image quality
metrics compare properties at a given pupil size to the
diffraction limit. Absolute image quality metrics take into
account the size of the PSF or OTF in real or frequency
space as a function of changing pupil size with growth.
Metrics of image quality can either be directly measured
or derived from knowledge of the HOA (Thibos, Hong,
Bradley, & Cheng, 2002). Absolute changes in retinal
image quality with age and with pupil size changes were
approximated by the angular metric, equivalent blur (EB;
Kisilak et al., 2006), which is simple to calculate,
incorporates pupil size, and approximates the geometrical
angular blur on the retina:
EB ¼

RMSA
:
pupil radius

ðA1Þ

It differs from equivalent defocus (Thibos, Hong et al., 2002)
by a factor of the pupil radius. Other absolute image quality
metrics used here for chick include measures of the extent
of the point spread function (PSF), specifically its area at
half-height and the entropy of the modulation transfer
function (MTF). The relative metrics, Strehl ratio and the
ratio of the volume of the OTF to the volume of the MTF,
were also calculated. The absolute and relative metrics
presented for chick are representative of the behavior of a
number of metrics (Hunter, 2006). The metrics discussed for
monkey and human were those for which literature values
were available or which could be calculated.

Appendix B
A model of uniformly scaled eye growth
In a uniformly scaled model, all optical parameters are
equally magnified by a factor (m) and the f-number
remains constant with growth (Howland, 2005; Kisilak
et al., 2006; Wang & Candy, 2005). As a consequence, the
linear retinal blur from wavefront aberrations (transverse
aberration) will scale by m (Smith, 2000). The corresponding Zernike coefficients, describing the wavefront
aberration and the root mean square of the wavefront
aberration (RMSA) will also increase by the scaling factor
(Kisilak et al., 2005; Wang & Candy, 2005). The scaling
factor will depend on observed changes in the optics of
the eye and will be a function of age. Equivalent blur
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(Equation A1) will remain constant with uniformly scaled
growth, while mean ocular refraction (MOR) and equivalent defocus (Thibos, Hong et al., 2002) will decrease as
1/m. The linear blur on the retina in an emmetropic eye
can be estimated by multiplying the EB by the posterior
nodal distance (PND). The PND is the distance between
the posterior nodal point and the posterior focal point.
This is equal to the anterior focal length of the eye. For
growing, normal eyes, the PND is very nearly equal to the
nodal point to retina distance, which should be used in an
exact calculation. In this uniformly scaled model, the
linear retinal blur will scale as m.
Both the linear blur on the retina and its angular
projection into object space (angular blur, Movie 1) may
change with growth, both from changes in aberrations and
from the decreasing diffraction from increasing pupil size.
If the impact of diffraction is considered, the angular extent
of the Airy disc (aberration-free PSF) will decrease by 1/m
and the linear extent will be constant with uniform scaling.
This introduces two limits for the prediction of changes in
the overall PSF size with scaling. In the presence of
negligible aberrations, the effect of diffraction will dominate and the angular PSF will decrease in size. When the
aberrations are large, the geometrical blur will dominate
and the angular PSF will not change with uniform scaling.
Between these limits, the scaling of the PSF will be more
complicated. As such, predictions with growth for changes
in PSF- and OTF-derived metrics of image quality will
have a complex dependence on m.
If the wavefront aberration of a given order is analyzed
across a constant pupil diameter while the eye is undergoing uniformly scaled growth, each normalized wavefront aberration term and its RMS will depend on the
inverse of the scaling factor raised to a power of its
Zernike order less one (Howland, 2005; Kisilak et al.,
2005), 1/(morderj1). The EB and equivalent defocus
(Thibos, Hong et al., 2002) will each have the same
relationship as the RMSA. Thus, all image quality metrics
will also depend on the orders of the Zernike coefficients
involved. Because the change in wavefront aberration is
dependent on the order of the Zernike terms being
considered, if more than one order is used, then the
prediction for a constant pupil diameter is complicated
and will depend on the relative contributions of each
Zernike order involved.

Appendix C
A model of non-uniformly scaled ocular
growth with constant linear retinal blur
In the constant linear blur model, paraxial properties,
pupil, and eye size are magnified by the scaling factor (m),
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but the transverse aberration and the linear extent of the
diffraction blur on the retina both remain constant (Hunter
et al., 2006). Thus, the wavefront aberrations in the pupil
and their RMSA must remain constant. As such, EB
(Equation A1) will decrease by 1/m as the eye increases in
size. Angular diffraction blur will decrease at the same
rate. The overall angular PSF width will scale as 1/m and
the overall angular OTF width will scale as m. Metrics of
the PSF and OTF relative to the diffraction limit will
remain constant with the constant linear blur model, while
absolute metrics improve. For this constant linear blur
model, absolute linear metrics like PSF equivalent width
(Thibos et al., 2004) will improve as 1/m while absolute
area metrics like PSF area at half-height varies as 1/m2
and MTF area or entropy varies as m2.

Appendix D
Calculation of the rates of change of image
quality in the developing eye

Chick
For this age range, experimental data for HO RMSA and
pupil size variations were each well fit with an exponential
function (Kisilak, 2005; Kisilak et al., 2006) so that


day
HO RMSA ¼ RMSA0 exp j
;
CRMSA

ðD1Þ

 
day
;
Pupil radius ¼ p0 exp
CP

ðD2Þ

where RMSA0 and p0 are the initial values of HO RMSA
and pupil radius, respectively, and CRMSA and CP are the
time courses of HO RMSA and pupil radius, respectively.
Then, equivalent blur (EB) is
EB ¼

HO RMSA
;
Pupil radius

h
i
day
RMSA0 exp j CRMSA
h i
;
EB ¼
p0 exp day
CP

ðD3Þ

ðD4Þ
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þ
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day
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:
exp j
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CEB
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ðD5Þ

ðD6Þ

ln2
:
C

ðD7Þ

ðD8Þ

Time courses are given in Table 1 for the two models
and the observed data. In the uniformly expanding eye
model, where the HO RMSA varies with the same time
constant as the pupil,
1
CRMSA

¼

j1
;
CP

ðD9Þ

so that
1
¼ 0;
CEB

ðD10Þ

and EB is constant. In the model with constant linear
retinal blur, HO RMSA is constant and EB declines with
the same t50 as the variation of pupil size.
For both model and experiment, the linear retinal blur
(LRB) is calculated as the EB times the focal length of the
eye (f). If the focal length scales exponentially (Carroll,
1982) with a time constant of Cf from an initial value f0,
then,
LRB ¼ EB * focal length;


ðD11Þ




RMSA0
1
1
LRB ¼
exp jday
þ
p0
CRMSA CP

 
day
;
ðD12Þ
 f0 exp
Cf
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RMSA0 f 0
day
;
exp j
LRB ¼
p0
CLRB

ðD14Þ

where

The time to a 50% increase in eye size from the initial
value (t50) is related to C by
t50 ¼




RMSA0 f 0
1
1
1
LRB ¼
;
exp jday
þ j
p0
CRMSA CP Cf
ðD13Þ

Thus, the time constant of EB is given by
1
1
1
¼
þ :
CEB CRMSA CP
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1
1
1
1
¼
þ j :
CLRB CRMSA CP Cf

ðD15Þ

When the f-number (f# is equal to the focal length
divided by the pupil radius) is constant with age, CP = Cf
and CLRB = CRMSA so that


day
;
LRB ¼ f# RMSA0 exp j
CRMSA

ðD16Þ

indicating that the time constants for both HO RMSA and
LRB are equal.

Monkey
The experimental values given for HO RMSA and pupil
size (scaled as eye length; Ramamirtham et al., 2006) out
to day 1500 were well fit with exponentials, which in the
cases of HO RMSA and pupil size, declined to a minimum
and increased to a maximum, respectively. Thus
HO RMSA ¼ ðRMSA0 j aRMSA Þ


day
;
þ aRMSA exp j
CRMSA


day
;
Pupil radius ¼ ðp0 þ aP Þj aP exp j
CP

ðD17Þ

ðD18Þ

where aRMSA and aP are the change in HO RMSA and
pupil radius between day 0 and the minimum and
maximum values, respectively. So that
h
i
day
ðRMSA0 jaRMSA Þ þ aRMSA exp j CRMSA
h
i
EB ¼
:
ðp0 þ aP Þ jaP exp j day
CP
ðD19Þ
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EB was then calculated from Equation D19 and was
well fit with an exponential out to day 200. In addition,
from values given for HO RMSA and pupil size, EB was
also calculated at days 23, 200, and 1500 and these values
were also well fit with an exponential.
The t50s were calculated as the duration required for a
change of 50% of the difference between initial and final
values, that is, a change of aRMSA/2 or aP/2. The t50 of the
resulting experimental EB was close to the t50 for HO
RMSA because the change in HO RMSA was much more
rapid than the change in pupil size:
n
h
io
day
ðRMSA0 j aRMSA Þ 1 þ RMSAaRMSA
exp
j
CRMSA
0 j aRMSA
n
h
io
EB ¼
:
ðp0 þ aP Þ 1j p0 aþP aP exp j day
CP
ðD20Þ
In the uniformly expanding eye model, where the HO
RMSA varies with the same time constant as the pupil,
CRMSA = CP, aRMSA G 0 and the HO RMSA and pupil size
show the same proportional changes from initial to final
values, then EB is constant:
EB ¼

RMSA0
:
p0

ðD21Þ

In the model with constant linear retinal blur, HO
RMSA is constant and EB declines with the same t50 as
the variation of pupil size.
The LRB varies as the EB times the focal length. As in the
chick, since the f-number is constant, the focal length varies
as the pupil size. Thus, as in the chick, both model and
experimental LRB will vary as the HO RMSA (Table 1).

Human
The change in EB was calculated from Equation A1 for
the pupil sizes assumed for constant f-number for infant
and adult (Wang & Candy, 2005). Again, LRB will vary
as the HO RMSA.

16

the metrics calculated for the wavefronts as a function of
age (across a normalized pupil size). PSF area at halfheight was found to vary as
RMSA2
;
r2

ðE1Þ

and MTF entropy varied as
r2
:
RMSA

ðE2Þ

Although RMSA in the chick does not change significantly with age, the exponential time courses of the image
quality metrics of the experimental data (Figure 2) are
consistent with an exponential decrease in RMSA with
age, which contributes to the metrics’ improvement with
age. From this analysis, EB in chick (Equation A1) varies
as the square root of the PSF area at half-height. Thus EB
predicts well the age variation in angular subtense of the
PSF for RMS wavefront errors found in chick (up to 1.8
wavelengths including second-order errors; Kisilak et al.,
2006). Furthermore, in human, the change in EB observed
between infant and adult closely approximates the observed
change in PSF equivalent width (Tables 2 and 3).
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