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Abstract

Purpose. To construct a model of refractive error develop-
ment that can account for the different interactive mecha-
nisms and time courses of refractive error in the hyperope
(HYP), emmetrope (EMM), early-onset myope (EOM), and
late-onset myope (LOM) over the first 30 years of life.

Methods. First, a baseline shori-term (1 mo.) simulation of
a previously developed nearwork-induced transient myopia
(NITM) model was performed under both far- and near-view-
ing paradigms to obtain the critical relationships between
AE_,, and refractive error for the four refractive groups. Then,
two contro]l pathways were added to the NITM model. The
genetically-controlled pathway was associated with the long-
term growth of the comea, lens, and the eyeball. The envi-
ronmentally-controlled pathway was associated with retinal-
defocus during nearwork, wherein the root mean square (rms)
of the accommodative error (AE) above a threshold level
resulted in an increase in axial length of the eyeball. The
thresholds for defocus-induced axial length change were
empirically determined to comrespond to the differential sus-
ceptibility in the four refractive groups. The combination of
effects from the two pathways produced the overall refrac-
tive error. The relationship between AE_, and refractive error
was combined with the two contro] pathways for the long-
term simulations (30 yrs: the initial 15 yrs using a far-view-
ing paradigm followed by an additional 15 yrs using a near-
viewing paradigm) to quantify refractive error deveiopment
as related to daily nearwork activity in the four refractive

groups.
Results. All refractive groups began early in life with a ge-
netically-determined hyperopic refractive error. The HYP had

the lowest susceptibility or highest threshold to retina! defocus
effects, and remained at a hyperopic level. The EMM ex-
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hibited a relative myopic shift in the first 2 years to become
and remain at emmetropia. In the myopic groups, the EOM
exhibited both a genetically-controlled component (starting
2 years of age) and a defocus-induced component (starting
at 15 years of age), whereas the LOM manifested only a
defocus-induced factor (starting at 15 years of age) in the
development of myopia. In addition, simulations indicated
that emmetropization occurred only for “induced™ refractive
error that was less than 0.5 D, which was consistent with
the non-monotonic relationship between AE_, and refrac-
tive error, wherein the minimum AE_, occurred at 0.5 D.

Conclusions. The model showed that both genetic and
defocus-induced environmental factors play important roles
in the development of refractive error in the different refractive
groups. The model also provides a framework for further
detailed quantitative analysis of the processes of refractive
error development and emmetropization.

Keywords: human refractive error development;,; emmetro-
pization; myopia; accommodation; control systems model

Introduction

If the comea and lens grow perfectly in concert with the scieral
tunic during the ocular growth and development phase, there
would be an exact match between the refractive (i.e., opti-
cal) and mechanical {i.e., ocular tunic) components of the
cye. Hence, a difference in their growth patterns will lead
to a refractive error. Thus, genetic control (1) of ocular growth
plays an important role in the emmetropization process, as
well as the overall development of refractive error, In addi-
tion, environmental factors, such as nearwork, have been
shown to produce 2 deviation from the emmetropic growth
pattern with the consequent development of refractive error,
in particular in late-onset myopia (see reviews by Ong and
Ciuffreda (2, 3)). Moreover, differences in individual sus-
ceptibility to potential nearwork effects add to the complex
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Figure 1. Schematic representation of the static accommodative
stimulus-response curve for a typical normal subject. 1 = initial
non-linear portion, 2 = linear region, 3 = transitional soft satu-
ration region, and 4 = hard saturation region. Adapted from Ciuf-
freda and Kenyon (9) permission from the authors.

interplay between genetic and environmental factors in myopia
development. For example, young-adult myopes are more
susceptible to nearwork accommodative aftereffects than either
emmetropes or hyperopes (4). Therefore, understanding the
underlying mechanisms of myopia development and even-
tually its prevention has been of considerable interest in recent
years (5, 6).

Due to the control properties of the accommodation sys-
tem and the extent of the ocular depth-of-focus, the accom-
modative response is typically less than the accommodative
stimulus for near viewing (i.c., the lag of accommodation),
so that the retinal image is normally focused slightly behind
the retina (7, 8) (Fig. 1). Also, as the accommodative stimu-
lus increases, the accommodative error and resultant retinal
defocus increase proportionally (7-9). Recent evidence in
animals has shown that during ocular development, the eye
grows in the direction of the induced retinal-image defocus
(10, 11). This suggests that the eye may cither elongate or
decrease in its growth rate in response to the resultant
defocused retinal-image as part of the emmetropization pro-
cess (i.e., the tendency for ocular growth towards emmetro-
pia) (12). Blur-induced biochemical factors appear to play a
primary role in causing local scleral growth (13), as such
elongation occurs even when the optic nerve is severed. More-
over, a recent study using partial coherence interferometry
revealed only a very small ciliary muscle-induced increase
in axial length during accommodation (14), which appears
to be below the threshold for inducing growth, thus discount-
ing any major role played by the direct mechanical effects

on the sclera (3). Furthermore, there is evidence that chil-
dren who become myopic have relatively inaccurate and
reduced steady-state accommodative response at near to blur-
only stimuli (15). Thus, it appears there are two primary paths
in ocular refractive development, one associated with geneti-
cally-based normal growth of the refractive elements and the
ocular tunic, and a second associated with the environmen-
tally-based contribution of local retinal-image defocus, which
causes deviation from normal growth and emmetropia.

Several models related to refractive error development and
emmetropization have been proposed. Schaeffel and Howland
(16) introduced a model that separated the optical and reti-
nal-defocus processes. They suggested that the experimen-
tal data obtained in chickens could be described by processes
containing two such feedback loops. One loop was depen-
dent on lens response feedback, and the other was depen-
dent on retinal-image feedback. They also presented model
simulation fits to some of their experiment data. Medina (17)
proposed a model of emmetropization in humans using an
equation composed of the sum of a genetically-determined
refractive state term and a group of terms each consisting
of the product of an exponential and a cosinusoid (thus pro-
viding decaying-oscillatory signals at different time shifts).
This model was used to fit experimental data on refractive
erTor as a function of age. The results suggested that wear-
ing corrective lenses would increase the existing ametropia.
However, since the model did not actually include an ac-
commodative feedback component for viewing over various
distances, the refractive error could not be reduced by the
normally-present visual feedback mechanism. Hence, in es-
sence the refractive error was forced to increase with the
introduction of corrective lenses. Clearly, this model does
not accurately represent the human emmetropization process
during lens wear. More recently, Flitcroft (1 8) introduced a
model of emmetropization and myopia in humans based on
the dual-interactive model of Hung and colleagues (19-21).
He proposed an integrative measure of accommodative er-
ror that was dependent on the accommodative stimulus, re-
fractive error, and the amount of time spent at nearwork and
at farwork. This aggregate measure was used to update the
refractive error at each iterative loop in the model simula-
tion by subtracting the product of this integral measure and
the emmetropization gain from the previous refractive error
value. He also presented simulations of the effect of nearwork
on increased final refractive error. However, no explicit ge-
netic control factors or thresholds that accounted for refrac-
tive-based differential susceptibility in the various refractive
groups were uscd. Blackie and Howland (22) extended
Flitcroft’s model to include pupil size effects.

To provide a more comprehensive analysis of these ge-
netic and retinal-defocus interactions for the different refrac-
tive states, as well as demonstrate the process of emmetro-
pization, a new comprehensive model of human refractive
error develepment was conceptualized and tested using a
control systems approach.
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Methods
Model

A descriptive block diagram of the model is shown in Fig.
2A. The basic loop is essentially the same as a recently pro-
posed and tested nearwork-induced transient myopia (NITM)
mode! (23). It consists of the conventional accommodative
feedback loop in which the accommodative error (AE) drives
the accommodative controller and then the lens plant. The
accommodative response (AR) is fed back and then subtracted
from the accommodative stimufus (AS) to provide an up-
dated accommodative error (i.e., AE = AS — AR). For sim-
plicity, the adaptive and proximity components of the NITM
model are not shown in this descriptive figure, but will be
described in more detail in Fig. 2B.

Two interactive paths, the genetically- and environmen-
tally-controlled pathways, were added to the NITM model.
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The genetically-controlled long-term growth element {nor-
mal or abnormal) drives the cornea/lens complex, as well as
the axial length components. The retinal defocus-induced
change in axial length from the environmentally-controlled
pathway is added to that from the genetically-controlled path-
way to result in the total axial length. Then, the cornea/lens
value from the genetically-controlled pathway is converted
10 total ocular power for far viewing, and the total axial length
is converted to total axial length equivalent power. The dif-
ference between the total ocular power at far and the total
axial length equivalent power represents the refractive error
(Fig. 2B). Finally, this refractive error value is subtracted
from the target accommodative stimulus to provide the ac-
commodative error to drive the accommodation system. Thus,
for a myopic refractive error, this positive value would be
subtracted from the target accommodative stimulus (by con-
vention, positive for stimulating accommodation) to provide
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Figure 24. Descriptive block diagram of refractive error development model. The basic model (solid lines) consists of the conventional
accommodative feedback loop where the accommodative error (AE), equal to the accommodative stimulus minus the accommedative re-
sponse (or AS - AR), is input to the accommodative controller whose output drives the lens to provide the AR. In addition, this model

contains signals from the axial Jength component of the genetically-contr
duced environmentally-controlled pathway (dotted lines) that sum to provide the total change in axia

olled pathway (dashed lines) and the retinal-defocus {AE) in-
1 length. This is converted to total

axial length equivalent power and is subtracted from the total ocular power at far (due to combined lens and cormeal powers from the
refractive component of the genetically-controlled pathway, dashed lines) to provide the overall refractive error. The refractive error is
then fed back and added to AS to provide the total accommodative stimulus for driving the feedback loop.
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Figure 2B. Detailed block diagram model of refractive error development model. See text and Table 1 for details.

the actual stimulus to accommedation. For example, a tar-
get 20 em (5 D) in front of a 2D uncorrected myope would
result in a 3 (= 5-2) D accommodative stimulus. On the other
hand, for 2 2 D uncorrected hyperope, the net accommoda-
tive stimulus would be 7 (= 5+2) D. :

A more detailed, quantitative version of this model is shown
in Fig. 2B. In the basic accommodative loop, a deadspace
element representing the depth-of-focus (+ DSP) is added
in front of the accommodative controller, which is represented
by a dynamic element with gain ACG. The values of ACG
for the different refractive groups were derived from previ-
ously-obtained accommodative stimulus/response slope
measures (24) using the equation ACG = slope/(1-slope) (25),
but with an upper limit for ACG of 21 to preclude instabil-
ity feedback oscillations (26). The time constants, Tc and T,
represent the speed of response of the accommodative con-
troller and the plant, respectively (27, 28). Other components
added to the basic loop include the proximal (perceived dis-
tance gain, PDG; accommodative proximal gain, APG; ver-
gence proximal gain, VPG) and adaptive elements (accom-

modative adaptation gain, K, (for simplicity not shown in
Fig. 2B); vergeace adaptation gain, Ky), crosslink gains (ac-
commodative convergence gain, AC; convergence accom-
modation gain, CA), and tonic terms (tonic accommodation,
ABIAS; tonic vergence, VBIAS). The proximal component
values were obtained from a previously-derived proximal
model (21). The K, values were different for the various re-
fractive groups to simulate differences in their NITM time
courses (23). Further, the ABIAS values for the different re-
fractive groups were obtained from a study by McBrien and
Millodot (29) (see Table 1).

The genetically-controlled pathway (Fig. 2A) provides the
drive for both the cornea/lens complex and axial length
growth. The experimental data for normal axial length growth
consisted of two parts: an initial phase that grew rapidly to
about 20 mm, and a second phase that grew more slowly,
reaching a length asymptotically that corresponded to em-
metropia (30). For simplicity, the very rapid early growth
phase to about 20 mm was simulated by an initial axial length
of 20 mm, and the subsequent growth to 22.22 mm (comre-



Model of human refractive error development

Table 1. Summary of model parameter values

45

Path Parameter Parameter values for four refractive groups
HYP EMM EOM LOM
Accomm. Deadspace, £ DSP (D) %+ 0.15 +0.15 % 0.15 +0.15
Vergence Deadspace, = DSP (MA) + 0.012 + §.012 + 0,012 + 0.012
Accomm Adaptation Gain, K, 20 25 4.0 5.5
Vergence Adaptation Gain, K, 10.0 10.0 10.0 10.0
Perceived Distance Gain, PDG 0.212 0212 0.212 0.212
Accomm Proximal Gain, APG 2.10 2,10 2.10 2.10
Normal visual Vergence Proximal Gein, VPG 0.067 0.067 0.067 0.067
feedback loop Accomm Controller Gain, ACG 21.0 11.5 7.3 6.7
pathway Vergence Controller Gain, VCG 150.0 150.0 150.0 150.0
¢ (sec) 4 4 4 4
T, (seC) 0.3 0.3 0.3 0.3
Acc. Conv. Gain, AC (MA/D) 0.80 0.80 0.80 0.80
Conv. Acc. Gain, CA (D/MA) 0.37 037 0.37 0.37
Tonic Accomm or ABIAS, (D) 1.35 0.80 0.85 0.45
Tonic Vergence or VBIAS, (MA) 0.29 0.29 0.29 0.29
Long-term Axial Length (Refractive Group)
genetic Step Amplitude (mm) =0.33 0.23 1.85 0.23
T (y1) 2 2 5 2
75 (¥1) 2 2 2 2
Accomm. Error Gein, AEG 10 10 25 9
and 1 (y1) 2 2 2 1
eavironmental Thresh 1 (D) 0.40 0.40 0.35 0.20
(retinal-defocus) Sat } (D) 0.02 0.02 0.02 0.02
pathway Thresh 2 (mm) 0.10 0.10 0.10 0.01
Sat 2 (mm) 1.0 1.0 1.0 1.0

sponding to 1333/22.22 = 60 D) was simulated by the addi-
tion of a step input of axial- length growth with an ampli-
tude of 2.22 mm a time constant, T, of 2 years (Fig. 2B).
To complement this normal axial length growth, the corneal
and lens growth was also divided into two parts, with an initial
power equal to 1333/20 = 66.7 D, and the subsequent re-
turn to 60 D was simulated by the addition of a corneal and
lens step of ocular power with an amplitude of 6,7 D and
a time constant, T, of 2 years. The above conditions would
have produced emmetropia throughout its time course. How-
ever, to account for the hyperopia that is seen in the early
years of life (31-34), a ~0.23 mm step input of axial-length
change (equivalent to —0.75 D of hyperopia for an initial 20
mm axial length; see Eq. 1 below) was added (see Fig. 2B).
Also, to simulate the various refractive conditions, different
step inputs of axial-length change with time constant, T, were
added to the axial length growth component. For HYP, EMM,
EOM, and LOM, the step amplitudes and time constants were
-0.33 mm and 2 yrs, 0.23 mm and 2 yrs, 1.85 mm and §
yrs, and 0.23 mm and 2 yrs, respectively (see Table 1). Sub-
sequent defocus-induced changes in axial length were de-
pendent on the threshold and saturation values in the long-
term closed-loop simulation of refractive error development
using the look-up table (not shown explicitly in Fig. 2B, but
would effectively replace the lower feedback loop to pro-
vide a link between refractive error and AE,,,,) for AE,

versus refractive error (Figs. 4A, B). The final steady-state
refractive errors for HYP, EMM, EOM, and LOM of -1.5
D, 0 D, 5D, and 1.5 D, respectively, were consistent with
mean values obtained experimentally (4).

On the other hand, in the environmentally-controlled
pathway, the root mean square (rms) of the accommodative
error (AE) is detected by a retinal-defocus element. AE_,
is an expression that represents the square root of the sum
of all the squared values of AE over the measured time
interval divided by the number of time samples. Because it
is a squared-value measure, it is insensitive to the sign of
AE. The output of this element is then input to the accom-
modative error dynamic element with gain AEG, which is
associated with the relatively long timecourse (i.c., months
or even ycars) needed for producing the retinal defocus-
related biochemical and mechanical changes in the ocular
tunics. The time constant of this biochemical and mechani-
cal process is given by T (Table 1). Both this retinal-defocus
element, as well as the subsequent biochemical and me-
chanical elements, have threshold and saturation compo-
nents. Thresholds are important for distinguishing between
the different refractive groups and represent a measure of
the susceptibility to change in axial length, as they deter-
mine the amount of retinal defocus necessary to activate the
blur-based environmental process. Also, small errots that
are not above the threshold will not accumulate over time
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Figure 3A. Sensitivity analysis of NITM to variations in the parameters for K,, Ky,
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Figure 3B. Sensitivity analysis of (160 hrs) nearwork AEq, to
variation in accommodative convergence crosslink gain, AC, show-
ing relatively low sensitivity to changes in AC for the four refrac-
tive groups. Compare with Figs. 4A, B.

to become large errors. In contrast, the saturation compo-
nents set the upper limits to the output of these processes.
The output of the dynamic element is added to the geneti-
cally-controlled axial length component to result in the total
axial length. This is input to a soft (i.c., gradua) rather than
sbrupt) saturation element to limit the extent of axial elon-

gation, and its output is then converted to equivalent optical
power. The genetically-controlied corneal and lens compo-

AC, and CA, showing greater sensitivity for K, than

nents are also converted to an equivalent optical power.
The difference between these two equivalent optical pow-
ers results in the overall measured refractive error. That is,
if the normal corneal and lens growth is balanced by nor-
mal axial length growth, no refractive error will develop,
and emmetropia will be attained. On the other hand, if pro-
longed exposure to suprathreshold retinal defocus results in
an increase in axial length, this will produce an effective or
relative decrease in total axial length equivalent power.
Therefore, if the difference between the total ocular power
at far and the total axial length equivalent power is posi-
tive, indicating the eye is optically too powerful, then myopia
will develop. The exponentially-shaped dynamic time courses
of refractive error change were based on experimental data
obtained during the early (31, 35) and later years of life
(32).

Simulations

The present model simulations were based on and are ex-
tensions of the previous NITM model study (23). First, to
assess the effect of variations in the model parameters on
the NITM time course, accommodative as well as vergence
parameters were varied. Accommodative parameters included
accommodative adaptation gain (K,), accommodative con-
troller gain (ACG), accommodative convergence crosslink
gain (AC), and tonic accommodation (ABIAS). Vergence
parameters included vergence adaptation gain (K,)), vergence
controller gain (VCG), convergence accommodation crosslink
gain (CA), and tonic vergence (VBIAS). For simplicity, the
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Figure 4. AE,, versus “induced” refractive error for the four refractive groups under the (A) FAR and (B) NEAR paradigms. These data
were stored as look-up tables in the form of SIMULINK blocks (not shown in Fig. 2B) and used in the long-term (30 yrs) simulations.

vergence loop was not shown in Figs. 2A, B but their con-
tributions were included in the convergence accommoda-
tion term. The deadspace operator was simulated by the
following algorithm: if input > DSP, then output = input-
DSP; otherwise, if input < -DSP, then output = input +
DSP; otherwise, output = 0. A dth-order Runge-Kutta algo-
rithin was used to integrate the 1st-order dynamic terms of
the form 1/( 7. s + 1), where T is the controller time con-
stant (see Table 1). The NITM paradigm consisted of 10
min of near viewing at 5 D and 5 MA, with this being
followed by 2 min at 0.17 D and 0.17 MA in which the
transient myopia is measured. The results were plotted to
provide an assessment of the sensitivity of NITM to varia-
tions in each of the parameters. In addition, a sensitivity
analysis was performed to assess the effect of variation in
accommodative convergence crosslink gain, AC, on accotn-
modative error, under a nearwork (NEAR) paradigm (see
below). The results were plotted as AE_ | versus AC for the
four refractive groups.

Second, AE_,, was obtained for different “induced” re-
fractive errors under the FAR and NEAR viewing para-
digms. The term “induced” refractive error is used here to
indicate that it is effectively equal to the placing of lenses
in front of the eyes, which should be distinguished from the
actual refractive error per se of a refractive group. More-
over, throughout these simulations, it is assumed that the
refractive groups have been corrected with ienses as needed,
and that variations among the proups are due to differences
in their internal model parameter values. In the FAR para-
digm, the stimulus consisted of a repeated sequence of I hr
of congruent far (0.25 D and 0.25 MA) and 5 min of near
(3D and 3 MA) viewing for 160 hrs (equal to a work-month).
On the other hand, in the NEAR paradigm, the stimulus
consisted of a repeated sequence of 1 hr of congruent near
(3 D and 3 MA) and 5 min of far (0.25 D and 0.25 MA)
viewing for 160 hrs. The “induced” refractive error was
varied from -3 to 3 D in 0.5 D increments for each of the

refractive groups. For each “induced” refractive error value,
the AE__ was measured following the 160 hr interval. The
results were plotted (Fig. 4A, B) and also put in a look-up
table form (with linear interpolation as a SIMULINK block;
not shown explicitly in Fig. 2B) for use in the long-term
simulations.

Following these relatively shon-term simulations, the long-
term (30 yrs) simulations were performed using the geneti-
cally- and environmentally-controlled pathways, along with
the look-up table for the relationship between AE_ and
refractive error that replaced the lower feedback loop in
Fig. 2B. Two viewing paradigms were used: the FAR para-
digm for ages up to 15 years; and the NEAR paradigm for
ages 15 to 30 years. Such a separation in viewing para-
digms is somewhat arbitrary, but it is primarily based on
the previously established transition at age 15 years be-
tween early- and late-onset myopia (12). The rationale for
assuming a predominantly genetic drive during the earlier
years is that children do relatively little nearwork, and thus
the development of EOM is most likely due to genetic fac-
tors. Oa the other hand, after age 15 years, during high
school and college, a substantially greater amount of nearwork
is performed, and thus LOM can be attributed primarily to
retinal-defocused induced factors.

In the environmentatly-controlled pathway, the AE _ value
from the look-up table in the SIMULINK block served as
the input. On the other hand, for the genetically-controlled
pathway, the step signals (ocular power (D) for the corneal/
lens complex, and axial length growth (mm) for the axial
length component) served as the input (Fig. 2B). These inputs
drove the various elements in the long-term pathways, as
specified by their respective time constant, gain, threshold,
and saturation parameter values (see upper loops in Fig. 2B,
dashed and dotted connecting lines; Table 1), to provide the
simulated ocular growth over a 30 year period. The differ-
ence between total corneal and lens ocular power at far, and
the total axial length equivalent power, equaled the overall
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refractive error. The refractive error provided the AE_, value
via the look-up table, and this completed the long-term feed-
back loop. In the simulations, the time course of refractive
error was recorded and plotted.

In the environmentally-controlled pathway, AE_ was input
to the 1st-order dynamic eiement with accommodative error
gain (AEG) time constant (t;) (see Table 1). This element
was simulated using a standard SIMULINK function bleck.
Also, the clements containing threshold and saturation
(Threshl and Sati, and Thresh2 and Sat2) were simulated
with functions first written as m-files and then converted
into simulation blocks. On the other hand, for the geneti-
cally-controlled pathway (dashed lines), the comeal/lens power
and axial length change inputs drove lst-order elements
(Fig. 2B, Table 1). The conversion from axial length to
ocular power was performed by an m-file cailed Oncover.m
(not shown explicitly in Fig. 2B) that took the reciprocal of
the input, and this was multiplied by 1333 to compensate
for the difference in the index of refraction between air and
water (36). Finally, the output from the axial length block
was subtracted from the refractive block to provide the overall
refractive error. The timecourses for the refractive error as
well as defocus-induced axia! length change were plotted
on a Hewlett-Packard laserjet printer.

The values of certain parameters in the model were ob-
tained using different techniques. In the lower feedback loop
used for NITM and the FAR and NEAR paradigms, T, was
derived by fitting the shape of the simulation curves to
accepted experimental data (12, 30, 37-39). In the upper
loops used for completing the long-term (30 yrs) simula-
tion, the gain AEG, time constant T, and the threshold
parameters in the environmentally-controlled pathway, as
well as the gain and time constant of the input dynamic
term in the genetically-controlled pathway, were all obtained
empirically via a trial and error procedure, starting with
nominal values and varying each parameter individually while
holding the remaining parameters fixed during the simula-
tions, until the rms of the difference in the timecourses
between model and experimental refractive error develop-
ment was within 10%. Moreover, the saturation values in
the threshold elements were based on preliminary tests and
selected so that the AE _ stimulation of axial length growth
remained within normal limits (3).

The model simulations were performed on a 450 MHz
PC, where a QUICK BASIC program was used for the NITM
and the FAR and NEAR paradigms, and a MATLAB/
SIMULINK program was used for the long-term (30 yrs)
simulation. The MATLAB/SIMULINK program will be made
available to any interested investigators, via a request to the
corresponding author, to extend the applications of our model
and 10 serve as basis for continued dialogue regarding the
quantitative aspects of refractive error development and
emmetropization.
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Figure 5. Model simulation results for long-term (30 yrs) devel-
opment of refractive ervor (dashed) and retinal defocus-induced axial
length change (dotied) in the four refractive groups.

Emmetropization

Emmetropization was demonstrated using the model param-
eters for the LOM, along with the addition of a square-
wave of “induced” refractive error with (arbitrarily selected)
peak-to-peak amplitude of 0.5 D and period of 7 years. Two
modifications were made in the LOM parameters. The Near
paradigm was used throughout the 30 year simulation pe-
riod, and Threshl was reduced from 0.2 mm to 0.1 mm to
allow for a fuller range of stimulation. During the first 15
years, the “induced” refractive error was biased by +0.25
D, whereas during the second 15 years, it was biased by
-0.25 D.

Relationship between change in ocular power and change
in axtal length

For a given initial axial length, L (in mm), the change in
ocular power AP (in D) due to a change in axial length AL
is given by* :
AP = [il.' - D +'M_)] * 1333 1)
Conversely, the change in axial length to provide a change
in ocular power is given by
L * 1333
AL = [1m] o )
For example, for an initial axial length of 20 mm, a change
in ocular power of 0.75 D would require a change in axial
length of 0.23 mm.

Results

The plots of sensitivity of NITM timecourse to variations in
the parameters K, K,, AC, and CA are shown in compos-
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Figure 6. Effect of the addition of a square wave of “induced”
refractive error (0.5 D peak-to-peak amplitude and period 7 yrs)
(solid) on retinal-defocus induced axial length (dashed) for a com-
plete long-term feedback model of LOM under the Near paradigm
over the 30 year interval. Emmetropization is not observed when
the stimulus is between approximately 0.5 and 1.0 D during the
first 15 years. However, emmetropization can be observed in the
reduction in axial length with increased “induced” refractive error
when the stimulus is between approximately 0 and 0.5 D during
the second 15 years.

ite Fig. 3. It can be seen that NITM is substantially more
sensitive to variations in K, than is true for the other three.
Variations in other related parameters (ACG, VCG, ABIAS,
and VBIAS) that are not shown in Fig. 3A also exhibited
similar insensitivity. Hence, K, is the most significant pa-
rameter in terms of its effect on accommodative error. Also,
the plot of the sensitivity of AE__ versus AC for the NEAR
paradigm (Fig. 3B) in the four refractive groups showed
that accommodative error is relatively insensitive to varia-
tions in AC (similar to the flat portion of Fig. 4A). Its effect
is evident only for very high AC values, which may explain
in part the observed relationship between higher AC/A ratio
and myopia development (39). The relationship may also
be due to an inherently higher K, in myopes and the con-
sequent need for higher AC gain to maintain oculomotor
balance.

The AE_, versus “induced” refractive error for the dif-
ferent refractive groups is shown for the FAR (Fig. 4A) and
NEAR (Fig. 4B) paradigms. Both FAR and NEAR curves
exhibit a non-monatonic, V-shape, with the FAR and NEAR
curves having minima of “induced” refractive error at ap-
proximately —0.5 D and 0.5 D, respectively. The difference
between these two minima appear to be associated with
their operations on either side of the depth-of-field, or
deadspace operator for accommodation (40). Moreover, there
is a flattening in the FAR curves for larger “induced” re-
fractive errors, indicating a lack of effect for far viewing.
All of these data were input to the appropriate look-up tables
for the long-term MATLAB/SIMULINK simulations.

The plots of AE_, versus refractive error (Figs. 4A, B)
should be very similar to that found for bifocal ADDs. This
is because both paradigms effectively involve the introduc-
tion of Jenses in front of the subject’s eyes. The main dif-
ference between our paradigm of “induced” refractive error
and the bifocal ADDs is that in our paradigm, the lenses are
“womn™ at all times, whereas for near bifocal ADDs, the
ADDs are not used during far viewing. Also, our paradigm
allowed for both plus and minus lenses, whereas for near
bifocal ADDs, only plus lenses are used. We are presently
investigating the quantitative aspects of near bifocal ADDs,
and hence will defer the detailed analysis in a later report.

The parameters determined and used for the long-term
simulations are shown in Table 1. It is evident that there are
relatively large differences in parameter values, particularly
for thresholds and saturation, long term growth gain AEG,
and axial length change step amplitude for the different
refractive groups (Fig. 2B). The model simulation results
for refractive error and retinal defocus-induced axial length
change as a function of age for the four different refractive
groups are shown in Fig. 5. They indicated that genetic
influence was predominant during the first 15 years. All
four refractive groups began at about 0.75 D of hyperopia
(32). While the hyperopes continued to become more hy-
peropic, eventually reaching -1.50 D, the other refractive
groups showed a genetically-driven myopic shift in the first
two years (35, 41), with EMM and LOM (up to age 15
years) attaining emmetropia afier these two years. The EOM,
on the other hand, continued to exhibit a myopic shift which
then leveled off at about 15 years of age. Defocus-induced
influences began to show their effect after age 15 years in
the myopic groups, with this being the primary drive for
LOM. On the other hand, in EOM, the defocus-induced
factor was added to the level attained under genetic influ-
ence to result in the overall refractive error.

Emmetropization simulation

Emmetropization is not seen during the first 15 years, when
the “induced” refractive error is between approximately 0.5
and 1.0 D. Axial length and “induced” refractive error change
in the same direction, and thus would be consistent with the
progressive increase in axial length with increased retinal
defocus that is found in myopia development. On the other
hand, the process of emmetropization can be scen during
the second 15 years, when the “induced” refractive error is
between approximately 0 and 0.5 D. Axial length decreases
with increased “induced” refractive error, which is consis-
tent with emmetropization.

Discussion

The model configuration was designed to provide an accu-
rate conceptualization and quantitation of the effect of both
the genetic and defocus-induced factors and their interac-
tions in the development of refractive error, while at the
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same time maintaining intact the normal accommodative
visual feedback control process. The simulation results in-
dicated that genetic factors predominated during the first 15
years, with all refractive groups beginning at a 0.75 D
hyperopic refractive error level. There appeared to be three
levels of emmetropization in the carly years of refractive
error development. The HYP group did not exhibit emme-
tropization, but rather became more hyperopic and eventu-
ally leveled off at —1.50 D. After approximately two years,
the other three groups emerged from their hyperopic ori-
gins. The EMM and LOM groups remained stable at zero
refractive error, whereas the EOM group exhibited a con-
tinued myopic shift. In contrast to the widespread genetic
influence in the refractive groups during the early years,
defocus-induced refractive changes occurred after age 15
years, but only in the myopes. This later change was the
primary drive in LOM, but it was added as a secondary
drive to the genetically-induced change attained carlier in
EOM.

Myopia is a complex phenomenon, as it involves the
interplay between genetic and environmental factors (3, 42).
The genetic influence in EOM was modeled as the contin-
ued growth in axial length in excess of that needed for
emmetropia (43). The growth rate declined until the axial
length attained a fixed level by approximately 15 years of
age. The retinal-induced influence was responsible for myopia
development in both LOM and EOM after 15 years of age.
This is important because myopia affects 25% of the aduit
population in the United States (44) (with approximately
one-third of these being LOM (44, 45)), and at least 75%
of the population in Asian countries such as Taiwan (46).
The susceptibility to retinal defocus was modeled in terms
of the threshold for inducing an axial length change, wherein
the thresholds were lower for the myopes than for the EMM
and HYP groups. Once the threshold was exceeded, how-
ever, the induced change in axial length occurred quite rapidly,
attaining a steady-state level within about 5 to 10 years.
This is in agreement with clinical and epidemiological re-
search findings (33, 47, 48).

In contrast to myopia and its progressive nature, the re-
fractive condition of hyperopia exhibited a relative insus-
ceptibility to such change in many children and young adults.
First, during the initial years of life (ages 1-7 years), hyperopia
is the population norm and remains quite stable (31-34); it
averaged about 1.50 D (4, 32) and 2.5-3.5 D (33) assessed
without and with cycloplegia, respectively, in infants and
very young children. Second, in a study of refractive error
changes during the first six years of schoo!, it was found
that those children who remained hyperopic during this period
had a relative myopic rate of change of only -0.07 D/year
(49). Third, rate of refractive ervor change in young myopes
was about 2-10 times (~0.46 to —0.93 D/ yr) greater than in
age-matched hyperopes (-0.03 to -0.11 D/yr) (33, 47). Fourth,
and related to the above, when school-aged hyperopes made
the transition to myopia, their rate of refractive error change
increased about 3-fold (i.c., —0.21 D/yr vs. -0.60 Di/yr) (41,
48). And, lastly, with regard to nearwork-induce transient

myopia, it was found that young-adult myopes were par-
ticularly susceptible, whercas the hyperopes were particu-
iarly insusceptible (4). Thus, further study of hyperopia may
lead to a better understanding of myopia, and furthermore
yicld insight into possible early pre-myopic clinical inter-
vention,

Emmetropization was seen for “induced” refractive error
below 0.5 D. This is consistent with the non-monotonic V-
shape of the AE_ versus refractive error curve under the
Near paradigm. The underlying reason for this can be seen
in Fig. 4B. As the “induced” refractive error is increased
from 0 to 0.5 D, AE_, shifts in the opposite direction. This
will cause a decrease in axial length (Fig. 6), which is
consistent with emmetropization. On the other hand, when
the “induced” refractive error is above 0.5 D, which shifts
the response to the right side of the non-monotonic V-shaped
curve, AE_ shifis in the same direction. This would be
consistent with the progressive increase in axial length that
lead to myopia (50, 51).

During the early stages of ocular growth, hyperopia is
normally present and this results in a “negative” refractive
error. This negative refractive error biases the operating
point to the left side of the V-shaped AE_, versus refrac-
tive error curve. As we have seen in the above simulation
findings, this results in emmetropization. On the other hand,
as ocular growth continues, the refractive error approaches
emmetropia. However, with increased nearwork, the refrac-
tive error shifis further to the right to operate on the as-
cending limb of the V-shaped curve. Myopes, with their
greater susceptibility, or lower threshold, would exhibit axial
elongation with increased retinal defocus, thus resulting in
a progression of myopia. Operation in this higher retinal
defocus region would be consistent with an earlier hypoth-
esis by Schaeffel and Howland (16), who proposed that
“blur always triggers axial growth”. It is also in agreement
with a more recent hypothesis by Ong and Ciuffreda (3)
who proposed that retinal defocus either due to under- or
over-accommodation may result in axial elongation, as pure
defocus blur is an even-error signal. That is, it provides
magnitude but not directional information (52).

The model has therefore provided a simple yet compre-
hensive overview of the differential interactive effects of
genetic and defocus-induced factors that drive refractive error
development in the four refractive groups. It has also pro-
vided a quantitative framework for the process of emmetro-
pization. Future work would include the effects of preven-
tive (i.e., bifocals) and therapeutic (i.e., vision therapy)
paradigms in the clinical care of young children and adults
to prevent the development of myopia.
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