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18.1 INTRODUCTION

Clarity of the visual image is a vital component of ocular health. A
common method for assessing image clarity is to measure distance visual
acuity. The development of an uncorrected refractive error, however, reduces
visual acuity, and in turn adversely impacts upon the quality of ocular health.
This chapter discusses various analytical approaches taken in the
understanding of refractive error development.

There are two main types of refractive error: hyperopia and myopia.
Hyperopia, or farsightedness, occurs when the combined optical power of the
cornea and the unaccommodated lens are less than that needed for the axial
length of the eye, so that the retinal image is focused beyond the retina. On
the other hand, myopia, or nearsightedness, occurs when the total ocular
power of the eye exceeds that needed for its ocular length, so that the image
is focused in front of the retina. Image clarity for the distant object in
hyperopes can be attained by means of accommodation, or an increase in lens
power, but at the expense of increased effort along with a reduced effective
accommodative range. For myopes, however, image clarity cannot be
attained with increased accommodation, and in fact, this would further
degrade retinal-image clarity. Thus, myopia is associated with the more
immediate concerns of everyday visual function.
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Myopia is a worldwide public health concern (Goldschmidt, 1968),
because it affects 25% of the adult population in the United States (Sperduto
et al, 1983) and 75% or more of the adult population in Asian countries such
as Taiwan (Lin et al, 1996). It can be corrected by optical means, but the
estimated annualized cost to consumers in the United States for eye
examinations and corrective lenses is $4.6 billion (Javitt and Chiang, 1994).
Furthermore, the wearing of spectacles for myopia may restrict one’s
vocational and avocational options (Mahlman, 1982). Surgical techniques to
reduce myopia are available, but they are expensive (Grosvenor and Goss,
1999). Furthermore, despite the continual developments and technological
improvements over the past 20 years, there are still surgical and post-surgical
risks, along with possible side effects such as long-term hazy vision (Javitt
and Chiang, 1994). Moreover, surgery does not prevent the subsequent
development of adult-onset myopia or other age-related refractive changes,
for example, due to increased lens index and presbyopia (Javitt and Chiang,
1994). For these reasons, the slowing of myopic progression, as well as the
prevention of its initial occurrence, has been of considerable interest to
clinicians and scientists alike for decades.

To understand the fundamental mechanisms underlying refractive error
development, both genetic and environmental factors must be examined
(Ong & Ciuffreda, 1997; McBrien & Millodot, 1986; Gwiazda et al, 1993;
Mutti et al, 1996; Jiang & Woessner, 1996; Grosvenor and Goss, 1999).
Evidence for genetic influence is evident in the high correlation between
refractive errors in twins (Kimura, 1965; Sorsby et al, 1962; Goss et al,
1988), and the higher prevalence of myopia in children whose parents were
also myopic (Gwiazda et al, 1993). On the other hand, evidence for
environmental influence comes from the very rapid increase in the
prevalence of myopia in the Intuit, Japanese, Chinese, and Native Americans
over the past 50 years (Young et al, 1969; Alward et al, 1985; Hosaka, 1988;
Goh and Lam, 1994; and Lam et al, 1994; Woodruff and Samek, 1977),
suggesting an association between their progressively greater amount of time
spent on nearwork during formal schooling and higher rates of childhood
myopia prevalence and progression (Passinen et al, 1989; Wu et al, 1999;
Zhang et al, 2000). Clearly, both genetic and environmental factors are
involved.

During infancy under normal genetic development, there is an inherent
mismatch between the optical power of the cornea/lens and the axial length
of the eyeball (Scammon & Armstrong, 1925). Yet, as the normal eye
matures, the cornea/lens and ocular tunics begin to develop in concert to
provide a relatively precisely focused image on the retina (Bennett &
Rabbetts, 1989; Grosvenor and Goss, 1999). This process is called
emmetropization (Yackle & Fitzgerald, 1999). Clearly, certain critical
information is used to coordinate cornea/lens and axial growth. One of the
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most important cues for regulating axial growth appears to be retinal-image
defocus (McBrien & Millodot, 1986; Ong & Ciuffreda, 1997; Wallman,
1997; Norton, 1999), which is dependent on the interaction of both
cornea/lens and axial length. Cornea/lens growth and its consequent change
in optical power will alter retinal-image defocus, but an appropriate change
in the axial length growth rate will act to reduce this defocus, and in turn
restore the balance between these two components. Since the basic growth
of the cornea/lens is genetically-predetermined (Sorsby et al, 1962; Goss and
Erickson, 1987; Goss and Jackson, 1993; Fledelius and Stubgaard, 1986),
emmetropization involves only the regulation and modulation of axial length
growth (McBrien and Millodot, 1986; Ong and Ciuffreda, 1997; Wallman,
1997; Norton, 1999).

Emmetropization also occurs under environmentally-induced conditions.
This is seen in numerous studies which have attempted to determine the
effect of various optically-based manipulations of retinal-image quality on
induced ocular growth and refractive development. The findings have been
mixed with respect to the resultant direction of refractive shift. Some
manipulations produced a myopic shift. These included: prolonged nearwork
(Goss and Wickham, 1993; Grosvenor & Goss, 1999), purposeful
undercorrection for myopia (O’Leary, 2000), graded diffusers (Smith and
Hung 2000), and black occluder contact lenses (Tigges et al, 1990; Iuvone et
al, 1991). On the other hand, other manipulations resulted in a hyperopic
shift. These included: very strong diffusers (O’Leary et al, 1992; Bradley et
al, 1996), crystalline lens removal (Wilson et al, 1987), and initial imposition
of graded diffusers (Smith & Hung, 2000). Finally, manipulations using plus
or minus lenses in the chick (Schaeffel et al, 1990), tree shrew (Norton,
1999; Siegwart & Norton, 1999), and monkey (Smith & Hung, 1999)
resulted in either hyperopic or myopic growth, respectively.

Thus, emmetropization occurs during both normal genetically-determined
ocular growth and under environmentally-induced conditions, and it involves
the regulation of axial length growth rate via some property of retinal-image
defocus. It appears to be effective following temporary optical
manipulations, such as that seen for imposed plus and minus lenses, in which
the eye responds by changing its axial length growth rate appropriately to
compensate for the optical defocus. However, it has been thought that with
prolonged nearwork, emmetropization breaks down, so that the axial length
continues to increase, thus resulting in the development of myopia.

The mechanism for the short-term emmetropization process appears to be
relatively simple, since visual feedback related to retinal-image defocus
could provide the requisite control signal to regulate the direction and
magnitude of axial growth. However, such appropriate changes in growth
rate occur even when the optic nerve is severed (Troilo et al, 1987; Wildsoet
& Pettigrew, 1988) or the midbrain nuclei for controlling accommodation are
lesioned (Troilo, 1989), thus precluding any central visual feedback
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mechanism. Moreover, since defocus blur per se is an even-error signal
(Stark, 1968), it lacks the requisite directional sensitivity for controlling axial
growth.  For these reasons, the controlling mechanism for the short-term
emmetropization process, and in turn the long-term development of myopia,
has remained a puzzle for decades.

18.2 EARLIER MODELS

Various descriptive as well as quantitative models have been proposed to
account for the emmetropization process and the development of refractive
error (Medina, 1987; Medina and Fariza, 1993; Schaeffel & Howland, 1988;
Bartmann & Schaeffel, 1994; Flitcroft, 1998; Blackie & Howland, 1999;
Hung & Ciuffreda, 1999; Norton, 1999; Wick, 2000). However, these
models have not been able to explain the fundamental underlying mechanism
of refractive error development.

For example, Medina and Fariza model (Fig. 18.1a) proposed a model
whose simulated output curve matched the experimental refractive error
development timecourse. Thus, the time constant, k, was selected to be very
large (about 10 years) to fit the refractive error vs. age curve (see Fig. 18.1b).
However, the model lacked homeomorphic correspondence with
physiological processes associated with refractive error development and
emmetropization. And, as such, the model simply served as a curve fitting
mechanism, but would not be able to respond to stimulus changes such as
those employed in the experimental optical manipulations discussed above.

Error
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Figure 18.1(a).  Servo mechanism of emmetropization proposed by Medina and Fariza
(1993). The refractive error is controlled by a feedback system: i, input or commanded
refraction; o, output or measured refraction; i - o, error. Transfer function F(s) = O(s) / I(s) =
1 / (1+ks) is of first-order in s, where s is a complex variable, k is the time constant, and O(s)
and I(s) are the Laplace transforms of the temporal input and output function. Reprinted from
Medina and Fariza (1993), pg.23, Fig. 1, with permission of Elsevier Science.
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Figure 18.1(b). Refractive error vs age plot for experimental data (square symbols) and model
(solid curve). Note that the time constant (estimated as the time to reach a change in
exponential response that is 63% of the final difference in amplitude) for the curve is about
10 years. Reprinted from Medina and Fariza (1993), pg. 25, Fig. 3, with permission of
Elsevier Science.

Schaeffel and Howland (1988) proposed a model in which two
independent feedback loops were assumed to regulate ocular growth (Fig.
18.2). The accommodative loop operated under crystalline lens optical power
feedback, whereas the retinal loop operated under local retinal feedback
without accommodation. They presented simulation results showing that the
accommodative feedback loop (Fig. 18.2, left loop) was responsible for the
imposed-lens experimental results and also for the transient hyperopia
observed after sectioning the optic nerve and lesioning the Edinger-Westphal
nucleus. On the other hand, the retinal feedback loop (Fig. 18.2, right loop)
was responsible for form-deprivation myopia, myopia in restricted retinal
areas, myopia after optic nerve section, and recovery from form-deprivation
myopia even with lesioning of the Edinger-Westphal nucleus. However, the
model did not provide for interaction between accommodation and retinal
feedback, which would have been expected to occur normally (Ciuffreda,
1991; 1998; also see Chapter 8, Models of Accommodation, in this volume).
In addition, they had to vary the gains of both loops to simulate the
experimental results. Yet, such gain variations should not have been
permitted except in unusual cases, such as the simulation of an adaptive
control system (Hung, 1992). Moreover, the increased degrees of freedom
provided by gain adjustments in the two feedback loops may have resulted in
an artificial, and not physiologically justified, matching of model and
experimental data.
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Figure 18.2.  Model of refractive error development proposed by Schaeffel and Howland
(1988) consists of independent accommodative and retinal feedback loops that regulate ocular
growth. Symbols: a = control or reference axial length of the eye, b = current axial length, ¢ =
correction signal derived from either accommodative or retinal feedback, e, = initial
difference between control and current axial length, EW = Edinger-Westphal nucleus, f =
refractive state of the eye, lens = imposed lens optical power, ON section = optic nerve
section, i = average amount of accommodation due to hyperopic defocus. Reprinted from
Schaeffel and Howland (1988), pg. 2083, Fig. 2, with permission of Optical Society of
America.

Flitcroft (1998) proposed a model of emmetropization and myopia (Fig.
18.3) using the dual-interactive accommodation and vergence feedback
model by Hung and colleagues (1990, 1992, 1996, 1997).  Refraction was
defined as a function of the integral of the accommodative error, or blur,
which could be obtained via solution of the accommodative and vergence
interactive feedback equations (Hung, 1990). Simulations of the model using
various initial refractions and a selected set of interactive accommodation-
vergence model parameter values based on Hung (1996) was believed to
demonstrate emmetropization of the response towards a constant refraction
level (Fig. 18.3b). Analysis of the model, however, revealed that it simply
generated decay curves that asymptote to a specified level rather than being
an actual dynamic emmetropization mechanism that compensated for the
imposed retinal defocus.
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Flitcroft’s (1998) model is based on the equation

iy =T =K [@cror (B)dt (18.1)
with
a_ =ae+r (18.2)
error

where r is refractive correction, t is time, k is gain of the emmetropization
process, ae is accommodative error (or accommodative stimulus minus
accommodative response), and a.,, 1S net accommodative error. The
accommodative error was obtained by the solution of the static interactive
accommodative and vergence model equations provided by Hung (1996) and
organized in a slightly different form by Flitcroft (1998). For simplicity in
analyzing Eq. 18.1 without a loss of generality, the depth of focus was not
included. For this analysis, time domain variables will be designated by
lower case, whereas the Laplace transform variables will be designated by
upper case. One can rewrite Eq. 18.1 as

dr:—kj'(ae+ r)dt (18.3)
Taking the derivative of both sides of Eq. 18. 3 gives

dr

—=-ke(ae+r) (18.4)

dt

Taking the Laplace transform of both sides of Eq. 18.4 gives

seR-1(0")=-k (AE+R) (18.5)

where s is the Laplace operator, and r(0") equals the initial value of
refraction, with the + symbol designating the value immediately after time 0.
Let AE = ae/s, which represents a unit step of accommodative error. Re-
arranging and solving for R gives

+k s s+k

Taking the partial fraction expansion of the product term in Eq. 18.6 gives

+
R:-k.ae.sl L + o) (18.6)
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+
r(0
R = ae.[L - l] + ©) (18.7)
s+k s s+k
Taking the inverse transform and re-arranging gives
r = [r(0%)+ae | ekt = ge (18.8)

Therefore, the refraction in Flitcroft’s model is comprised of the sum of
two terms: (1) an exponential decay term whose initial value depends on the
initial refraction and the accommodative error, which then decays with a time
constant of (1/k) towards a zero value; and (2) a constant bias term given by
(-ae) which determines the final steady-state value of the simulation response
(see Fig. 18.3b). Hence, instead of being a feedback process that acts on
some fundamental property of the retinal-image defocus, the model simply
sets the response to eventually arrive at the pre-selected (-ae) level.
Moreover, the various initial refractions simply change the initial condition
for the prescribed exponential decay of the response curve. Thus, although
the model has some of the decay characteristics expected of an
emmetropization model, it is clearly not an emmetropization model.
Nevertheless, using this model, Flitcroft (1998) developed a relationship
between refraction and oculomotor parameters. One of his conclusions based
on the simulations was that “an appropriate spectacle correction ... imposed
after the model has reached a stable myopic refraction due to a high near
work demand ... has the effect of destabilising the refraction and causing a
further myopic shift”. On the other hand, recent human experimental results
showed greater myopic progression in undercorrected (by approximately
0.75 D) than fully corrected myopic subjects (O’Leary, 2000). Also, animal
experimental results (Schaeffel et al, 1990; Siegwart and Norton, 1999;
Smith and Hung, 1999) demonstrated myopic growth of the eye with large
negative lenses. Thus, both experimental results show myopic progression
with large rather than small retinal defocus, which contrasts with Flitcroft’s
simulation results.
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Figure 18.3a. Flitcroft (1998) model of emmetropization and myopia using the dual-
interacting feedback model of Hung and colleagues (1980, 1990, 1992, 1996, 1997). AS and
VS = accommodative and vergence demand. AR and VR = accommodative and vergence
response. ACG and VCG = gains of the accommodative and vergence controllers. ABIAS
and VBIAS = tonic level of accommodation and vergence. AC and CA = gain of
accommodative convergence and convergence-accommodation crosslink. Reprinted from
Flitcroft (1998), pg. 2870, Fig. 1, with permission of Elsevier Science.
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Figure 18.3b. Simulation of Flitcroft (1998) model for refraction as a function of number of
interations (in arbitrary time units) for various initial refractions and a selected set of interactive
accommodative-vergence model parameter values (based on Hung, 1996) believed to show
emmetropization towards a fixed refraction value of about 1 D myopia. Reprinted from
Flitcroft (1998), pg. 2874, Fig. Sa, with permission of Elsevier Science.
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Hung and Ciuffreda (1999) proposed a descriptive block diagram model
of refractive error development (Fig. 18.4a). The main concept of the model
is that there are two pathways that interact, which can lead to the
development of refractive error. First, a genetically-controlled pathway
governs the growth of the cornea, lens, and axial length. A match between
the optical and axial length components will result in emmetropia, whereas a
mismatch will result in a refractive error. Both normal and abnormal
preprogrammed growth are possible. Second, an environmentally-controlled
pathway is driven by retinal defocus from the accommodative feedback loop.
Subthreshold amounts of retinal defocus do not increase the axial length,
whereas prolonged exposure to suprathreshold amounts of retinal defocus
will increase the axial length. The genetically-preprogrammed axial length is
summed with the environmentally-induced axial length to result in the
overall axial length. The difference between cornea/lens optical power and
the overall axial length optical power is the refractive error. Any refractive
error will in turn serve as a portion of the accommodative stimulus in the
accommodative feedback loop.

In addition, a more detailed quantitative version of this model was
developed (Hung and Ciuffreda, 1999; Fig. 18.4b). In the basic
accommodative (lower) loop, the difference between accommodative
stimulus AS and response AR gives the accommodative error AE, which
represents retinal defocus. This signal is input to deadspace element (xDSP)
representing the depth-of-focus. The output of the deadspace element is
input to the accommodative controller, which is represented by a dynamic
element with gain ACG and time constant tc (= 4 sec). Other components
added to the basic loop include a proximal element, an adaptive element,
convergence accommodation crosslink gain, tonic accommodation (ABIAS),
and lens plant with time constant tp (= 0.3 sec). Added to this basic loop is a
long-term growth (upper) loop that is driven in part by the root-mean square
(rms; equal to the average of the absolute value of the instantaneous response
over a given time interval) of the accommodative error (AE), which can
contribute to axial growth. Another part of the long-term growth loop is
driven by genetic control of the cornea/lens and axial length (tz =9 yrs; 1z =
2 yrs; and tg = 9 years, for late-onset myopes; Hung and Ciuffreda, 1999)..
The environmental (i.e., retinal-defocus induced) and genetically-controlled
axial lengths are added together to provide the total axial length. Any
mismatch between the power for the cornea/lens and the axial length results
in a refractive error. Thus, this model provides a basis for both genetically-
preprogrammed and environmentally-induced interactive development of
refractive error.
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Figure 18.4. (a) Descriptive block diagram of refractive error development (Hung and
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Ciuffreda, 1999). Solid-line pathway represents the normal accommodative system, whereas
the dashed-line pathway represents refractive error development derived from both
genetically-preprogrammed and retinal-defocus drives to refractive error. (b) Detailed block
diagram of refractive error development. Reprinted from Hung and Ciuffreda (1999), pg. 43,
Fig. 2A, and pg. 44, Fig. 2B, with permission of Swets and Zeitlinger.
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The model was simulated using MATLAB/SIMULINK for the four
refractive groups: hyperopes (HYP), emmetropes (EMM), early-onset
myopes (EOM), and late-onset myopes (LOM) (Fig. 18.5). The time courses
are consistent with experimental data.

Although this model provided important insight into the interactions
between genetically-preprogrammed and environmental components, it
nevertheless still did not uncover the fundamental underlying mechanism in
the development of refractive error.
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Figure 18.5. Simulation of model using SIMULINK showing long-term (30 yrs) timecourses
for refractive error (solid) development and axial length change (dashed) in different
refractive groups that are consistent with experimental data. Reprinted from Hung and
Ciuffreda (1999), pg. 48, Fig. 5, with permission of Swets and Zeitlinger.

Wick (2000) proposed a conceptual model of emmetropization (Fig. 18.6)
and myopia similar to that by Hung and Ciuffreda (1999). However, there
are some important differences between the two models. Wick’s model
provides for separate paths for refractive error development in the two eyes;
in addition, drug effects and clinical conditions such as anisometropic and
astigmatism are also discussed. However, unlike Hung and Ciuffreda’s
model (1999), which was quantitatively simulated, Wick’s model was only
descriptive.
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Figurel8.6. Wick’s (2000) conceptual model of emmetropization takes the form of dual
intersecting feedback loops where genetically programmed ocular growth of each eye is
altered by blur derived from interactions between accommodation and vergence. The
potential influence of suppression on the response of the refractive state to blur is indicated by
the crosslink between the blur mechanisms. In the visual growth mechanism, continued
relative hyperopic blur (e.g., lag of accommodation at near) increases scleral tension and
promotes axial elongation; lens growth is retarded by concurrent reduction in zonular tension.
The resulting reduction in lens thickness (with increasing power) and increased axial length
decrease the accommodative demand associated with near visual tasks. Visual growth feeds
into and combines with genetically programmed ocular growth to result in the final refractive
state.” Reprinted from Wick (2000), pg. 49, Fig. 1, with permission of J. Optom. Vis. Devel.

Moreover, there are two problems with Wick’s conceptual model. First,
blur is derived from the combination of accommodative response, axial
length, and lens growth, but not from the accommodative stimulus (see Fig.
18.6).  Since retinal-image defocus is the difference between the
accommodative stimulus and response, it is unclear how the blur signal could
be appropriately obtained in the model. Second, his concept that increased
scleral tension promotes axial length growth contradicts the findings of
reduced scleral rigidity (Castrén and Pohjola, 1961a,b) and decreased tensile
strength (Avetisov et al, 1984) in myopic individuals. In addition, instead of
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being the driving force for axial elongation, scleral tension is the
consequence of active remodeling of the sclera during emmetropization
(Reeder and McBrien, 1993; Phillips and McBrien, 1995; Siegwart and
Norton, 1999). Further, Ong and Ciuffreda (1997) have argued, based on
anatomical and biomechanical studies, that pressure on the sclera itself
actually decreases during accommodation, and moreover, its effect is
relatively small, thus precluding any direct mechanical role of
accommodation in the process of axial elongation. These difficulties reduce
the usefulness and general applicability of this model.

Each of these models has provided their own important insights into the
overall interactive mechanisms in refractive error development. However,
none of these models accounted for two important experimental findings.
First, the imposition of plus or minus lenses results in a decrease and
increase, respectively in the rate of ocular growth in young animals
(Schaeffel et al, 1990; Norton, 1999; Siegwart and Norton, 1999; Smith and
Hung, 1999). Second, the rate of ocular growth can be regulated even when
the optic nerve is severed, thus precluding any accommodative feedback
mechanism in the emmetropization process (Troilo et al, 1987; Wildwoet and
Pettigrew, 1988). The development of a new theory, called the Incremental
Retinal Defocus Theory, have been an attempt to resolve these long-statnding
problems (see below).

18.3 INCREMENTAL RETINAL-DEFOCUS THEORY
(IRDT)

To explore the underlying mechanism and to account for the apparently
mixed experimental findings, a recent theory of refractive error development
was formulated by us (Hung & Ciuffreda, 1999, 2000a-c). Two fundamental
insights underlie our theory, which is called the Incremental Retinal-Defocus
Theory (IRDT). First, local retinal-defocus magnitude is critical in the
development of environmentlly-induced refractive error. The perceived blur
is an even-error signal, which provides magnitude but not direction
information regarding retinal defocus. Second, manipulations of the visual
environment are effective in producing and/or modulating refractive error
development mainly during the ocular growth and maturational period. This
demonstrates the importance of a time-dependent element in providing the
appropriate directional sense. It can be seen, however, that each insight
alone is insufficient to provide a workable bidirectionally-sensitive theory.
But, when these two are combined, they provide a coherent framework for a
unifying theory of refractive error development. Our theory is based on the
concept that the change in magnitude of retinal defocus during an increment
of genetically-programmed axial length growth provides the critical
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information for directional modulation of growth rate. The term genetically-
programmed is used to describe the normally-occurring ocular growth that
has been pre-programmed genetically. This should be distinguished from
environmentally-induced growth that is due to a change in retinal defocus.
Both, however, involve neuromodulator release, with the environmentally-
induced component acting to modulate the normal genetically-programmed
release rate.

17.3.1 Basic Principles of the Theory

[1] Neuromodulators Control Sensitivity to Changes in Retinal-Image
Contrast

In contrast to neurotransmitters, such as glutamate, acetylcholine, and
GABA, which respond rapidly to retinal stimulation (Dowling, 1996),
neuromodulators, such as dopamine, seratonin, and neuropeptides (Stone et
al, 1989; Iuvone et al, 1991; Dowling, 1996), act over a longer period, and in
addition, may cause changes in the neuronal synapses (Windhorst, 1996).
An example of synaptic plasticity in the retina can be seen in the
interplexiform cells in the retina (Dowling, 1996). These neurons, which
contain dopamine, receive their inputs from the amacrine cells in the inner
plexiform layer, and then send their outputs back to the horizontal cells in the
outer plexiform layer (Werblin, 1973; Kolb, 1994; 1981; Dowling, 1996).
Dopamine serves as a neuromodulator by altering the properties of the
horizontal cell membrane and decreasing the flow of current across the
membrane (Dowling, 1996; Windhorst, 1996). Moreover, because of the
center-surround structure of the retina, the interplexiform neurons respond in
a graded manner to local retinal-image contrast (Werblin, 1973; Kolb, 1994;
Dowling, 1996).

We have proposed that feedback regulation provided by the
interplexiform neurons from the inner to outer plexiform layers acts to
maintain a relatively constant sensitivity to retinal-image contrast, and
furthermore that interplexiform neuronal activity leads to a corresponding
change in the neuromodulators (Hung and Ciuffreda, 2000a-c). Such
feedback regulation is useful. It precludes the need for a memory mechanism
to register and store previous levels of retinal defocus for the purposes of
update and comparison. The release of neuromodulators results in synaptic
changes in the horizontal cells (Dowling, 1996; Windhorst, 1996). This in
turn alters retinal sensitivity to center-surround input, which helps to shift the
steady-state operating level to permit responsivity to transient changes in
local retinal-image contrast. Thus, the net rate of release of neuromodulators
is not dependent on the absolute level of retinal defocus, but rather on the
change in retinal-defocus magnitude. The release of neuromodulators also
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causes structural changes in the sclera via modulation of proteoglycan
synthesis (Rada et al, 1992; Norton & Rada, 1995), wherein an increase in
proteoglycan synthesis rate results in greater structural integrity of the sclera,
and in turn, a decrease in axial growth rate relative to normal. Conversely, a
decrease in proteoglyccan synthesis rate results in less structural integrity of
the sclera, and in turn, an increase in axial growth rate relative to normal
(Gottlieb et al, 1990; McBrien et al, 1999; Wilsoet, 1998; Christiansen &
Wallman, 1991; Marzani & Wallman, 1997; Siegwart & Norton, 1999).

[2] The Overall Mechanism for Regulating the Rate of Axial Length
Growth
Genetically-programmed mechanisms determine a baseline rate of
neuromodulator release that is associated with normal axial growth rate.
Retinal defocus-induced changes in the rate of neuromodulator release are
superimposed onto this baseline level to result in changes relative to the
normal axial growth rate. The net effect of the local-retinal mechanism, as
discussed above, is that the change in retinal-defocus magnitude, and in turn
the change in the rate of neuromodulator release, are in opposite directions
with respect to the change in the rate of defocus-induced axial growth
relative to normal. Thus, during an increment of genetically-programmed
ocular growth, a change in retinal-defocus magnitude due to the incremental
change in ocular geometry provides the directional information needed to
modulate the rates of release of neuromodulators and proteoglycan synthesis,
which in turn produce structural changes in the sclera for regulation of ocular
growth (Siegwart & Norton, 1999; Wildsoet, 1998). For example, during an
increment of genetically-programmed ocular growth (over days), if the
retinal-defocus magnitude decreases, the axial growth rate increases. This
results in relative myopic growth. On the other hand, if the retinal-defocus
magnitude increases, the axial growth rate decreases. Hence, this results in
relative hyperopic growth. These resultant axial growth rate changes are
consistent with the emmetropization process. See Fig. 18.7 and the next
section for details.

18.3.2 Applications of the Theory

This theory was tested under five critical experimental conditions to
assess the generality of the proposed underlying mechanism. In addition, a
MATLAB/SIMULINK model was constructed to demonstrate quantitatively
the direct effect of change in retinal defocus via signal cascade through the
retinal layers on scleral growth rate.
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Lenses

During ocular development, the eye exhibits continuous genetically-
programmed growth (Hung and Ciuffreda, 1999, 2000a-c). The imposition
of a lens causes changes in retinal defocus, which acts to modulate the
genetically-predetermined normal growth rate, and thereby alter overall axial
length growth rate. This modulation can be illustrated by the following
example. Consider the effect of introducing spherical lenses in front of the
eye. The change in size of the blur circle during a small increment of normal
genetically-programmed ocular growth for large imposed zero, minus, and
plus lenses is shown schematically in Figs. 18.7a, b, and c, respectively. A
neuromodulator, such as dopamine, maintains a certain level of neuronal
activity related to retinal-image contrast by means of the local retinal
feedback mechanism described earlier. The net effect is that the rate of
neuromodulator release is dependent not on the absolute level of retinal-
defocus magnitude, but rather on the change in retinal-defocus magnitude
during the increment of genetically-programmed ocular growth, as was also
mentioned earlier. For example, for a zero power lens, there is no change in
the size of the blur circle. Thus, no additional neuromodulator is released,

Figure 18.7. Below local blur threshold;

Normal rate of neuromodulators;

Normal growth rate.
Dashed lines represent distant light rays.
Dotted curves represent growth increments.

Decrease in local blur magnitude;

Decrease in rate of neurotransmitters;
Decrease in rate of proteoglycan synthesis
Increase in axial growth rate relative to

normal.

Increase in local blur magnitude;
Increase in rate of neuromodulators;

Increase in rate of proteoglycan synthesis;
Decrease in axial growth rate relative to

normal.

Reprinted from Hung and Ciuffreda (2000c), pg. 1094, Fig. 1,
with permission of Bull. Math. Biol.
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and the normal genetically-based incremental axial growth pattern of the
young eye is maintained. With the introduction of a minus lens, however, the
size of the blur circle is decreased during the growth increment; thus, the
rates of neuromodulator release and in turn proteoglycan synthesis are
decreased, thereby resulting in an increase in axial growth rate (Norton,
1999). On the other hand, with the introduction of a plus lens, the size of the
blur circle is increased during the growth increment; thus, the rates of
neuromodulator release and in turn proteoglycan synthesis are increased,
thereby resulting in a decrease in axial growth rate (Norton, 1999). Hence,
either a decrease or increase in mean retinal-defocus magnitude during an
increment of genetically-programmed axial growth is proposed to cause a
change in the rate of neuromodulator release, which in turn leads to
biochemically-mediated structural changes in the sclera (Siegwart & Norton,
1999; Wildsoet, 1998), that are manifest as appropriate changes in the rate of
axial growth and reflect the active emmetropization process.

Graded Diffusers

The IRDT theory can also be applied to recent experimental results on the
effect of graded diffusers in monkeys (Smith & Hung, 2000). Although a
diffuser can have complex optical effects (Smith & Atchison, 1997), its
primary effect is to disperse or scatter the rays of light that are transmitted
through the diffuser. This is schematically represented by a cone of light
and seen in the figure as two lines representing the boundaries of the cone
(Fig. 18.8a-c). The angle is increased for a stronger diffuser to represent its
greater dispersional effect (Fig. 18.8c). This results in a very diffuse blur
circle on the retina. Since accommodation would be quite imprecise under
this condition, for simplicity, the focal point for the central ray of the cone of
diffused light is set midway between the two incremental foveal positions
along the visual axis. It can be shown that based on the geometrical
configuration using ray tracing, for the weak diffuser with small dispersion
(Fig. 18.8a), the decrease in retinal-defocus magnitude during the
genetically-programmed incremental growth is relatively minor. Thus, the
decrease in neuromodulator and proteoglycan synthesis is small, thereby
resulting in a relatively small increase in axial growth rate. On the other
hand, for the stronger diffusers with stronger dispersions (Figs. 18.8b, c),
there is a progressively greater decrease in retinal-defocus magnitude.
Therefore, the intermediate diffuser will result in an intermediate increase in
axial growth rate, whereas the strong diffuser will result in the largest
increase in axial growth rate.  These findings are consistent with
experimental results in animals (Smith & Hung, 2000).
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(a)  Weak Diffuser

Figure 18.8. Note that the diffuser
increases the effective dispersion of
any ray of light, resulting in a blur
circle. See text for details. Dashed
lines represent distant light rays.
Dotted curves represent growth
increments.  See text for details.
Reprinted from Hung and Ciuffreda
(2000c), pg. 1095, Fig. 2, with
permission of Bull. Math. Biol.

Black Occluder

Under the more extreme condition of a full black occluder (Smith &
Hung, 2000), there is complete absence of form vision along with a
drastically reduced retinal luminance level. Our theory predicts that as a
result of the absence of retinal signal-induced feedback regulation of
horizontal cells in the dark (Dowling, 1996), there would likewise be a
drastic reduction in the rate of neuromodulators, and in turn a substantial
decrease in the rate of proteoglycan synthesis (Fig. 18.9a). This will result in
a marked increase in the axial growth rate and the development of myopia,
which is also consistent with experimental results in animals (Tigges et al,
1990; Iuvone et al, 1991).

Very Strong Diffuser or Removal of Crystalline Lens

For the condition of either a very strong diffuser (Fig. 18.9b) or the
removal of the crystalline lens (Fig. 18.9¢), there is a large initial increase in
retinal-image blur magnitude. Our theory predicts that this will cause an
initial increase in the rates of neuromodulators and proteoglycan synthesis,
which will result in a decrease in the axial growth rate, and therefore relative
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hyperopia. However, the large blur magnitude, with its boundary rays being
nearly parallel, does not change substantially during subsequent time
increments. This lack of change in retinal-defocus magnitude will result in a
normal rate of neuromodulator release, and therefore the subsequent axial
growth rate will be nearly normal. Thus, the initial hyperopia is retained
(Smith & Hung, 2000).

(a) Black Occluder

Figure 18.9. (a) Absence of retinal signal-
| m induced feedback regulation in the dark;

Low rate of neuromodulators;

Low rate of proteoglycan synthesis;

High rate of ocular growth.

Dashed lines represent distant light rays.
Dotted curves represent growth increments.

(b & ¢) Large initial increase in blur magnitude;

Increase in rate of neuromodulators;

Increase in rate of proteoglycan synthesis;
Decrease in axial growth rate relative to normal;
Subsequent growth rate near normal since
change in blur magnitude is relatively small;
Hence, remain hyperopic.

Reprinted from Hung and Ciuffreda (2000c), pg. 1096, Fig. 3,
with permission of Bull. Math. Biol.

Transient Hyperopia

Transient hyperopia following the imposition of a diffuser can be
explained as follows (Fig. 18.10). Prior to the imposition of the diffuser, the
retinal-defocus magnitude is near or below the threshold level. Thus, there is
a relatively small amount of retinal defocus-induced neuromodulator release
and proteoglycan synthesis, and the growth rate is determined primarily by
genetic factors. However, the sudden imposition of the diffuser results in an
immediate increase in retinal-defocus magnitude. Thus, there is a transient
increase in the rates of neuromodulators and proteoglycan synthesis. This
results in a decrease in axial growth rate, or a transient relative hyperopia.
However, subsequently, as the genetically-programmed growth continues,
the condition becomes similar to that shown in Figs. 18.8a-c. Since the
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boundaries of the light bundles from the diffuser converge beyond the retina,
there will now be an incremental decrease in retinal-defocus magnitude. The
resultant decrease in the rates of neuromodulators and proteoglycan
synthesis, and in turn an increase in axial growth rate, will first effectively
null out the initial hyperopia and then eventually develop into myopia (see
Figs. 18.8a-c).  This can account for the transient nature of the initial
hyperopia seen in some of the recent monkey experimental results (Smith &
Hung, 2000).

Figure 18.10. Prior to imposition of diffuser,

@) No Diffuser below local blur threshold;
""""" r ~ /L \ Normal rate of neuromodulators;
6\ i Normal rate of proteoglycan synthesis;
’V sl : Normal growth rate.
""""" X Dashed lines represent distant light rays.

Imposition of diffuser results in sudden increase
in local blur magnitude;

(b)  Impose Diffuser _ Thus, there is a transient increase in rate of
--------- [~ = neuromodulators;
A \
L i g Increase in rate of proteoglycan synthesis;
1 7 . . .
L q Decrease in axial growth rate relative to normal;

Resulting in an initial hyperopia;

Subsequent myopic effect during incremental
growth first overcomes the initial hyperopia,
and then develops into relative myopia.

Reprinted from Hung and Ciuffreda (2000c), pg. 1097, Fig. 4, with
permission of Bull. Math. Biol.
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The initial transient increase in retinal-defocus magnitude may also
explain some recent findings of a greater effect of plus over minus lenses in
controlling ocular growth. For example, Wildsoet and Collins (2000) found
that imposition of plus/minus multifocal lenses in chicks resulted in a
preference towards hyperopic ocular development, which indicates a
preference of the plus over the minus lens. Also, Winauer et al (2000) found
that chicks compensated to imposed plus lenses even when blurred with
diffusers, thus suggesting a particular potency of myopic blur in changing
ocular growth rate. These results can be explained by the fact that the
imposition of either a plus or a minus lens will cause an initial transient
increase in retinal-defocus magnitude. During a subsequent increment of
genetically-programmed growth, the plus lens will cause an increase in
retinal-defocus magnitude (see Fig. 18.7c), which augments the initial
transient increase. On the other hand, the minus lens will cause a decrease in
retinal-defocus magnitude (see Fig. 18.7b), which opposes the initial
transient increase. The net result is a greater effect of plus over minus lenses
during the initial phases of ocular development following such optical
manipulations.

Prolonged Nearwork

Finally, the theory can be analyzed for the condition of prolonged
nearwork, as in the case of the development of school myopia, wherein
relatively small amounts of retinal defocus are present over extended periods
of time (i.e., weeks or months) (Ong & Ciuffreda, 1995, 1997). This can be
understood in terms of the interactions between two clinical measures: the
dynamic nearwork-induced transient myopia (NITM) and the static normal
accommodative stimulus/response (AS/R) function (Ciuffreda, 1991, 1998;
Ciuffreda & Kenyon, 1983; Ong et al, 1993; Hung, 1998) (Fig. 18.11).
NITM refers to the transitory myopic refractive shift found in distance
viewing immediately following sustained nearwork (Ong and Ciuffreda,
1995, 1997). 1t is measured as the difference between post- (Y in Fig. 18.11)
and pre-task ( ® in Fig. 18.11) accommodative levels at distance. The AS/R
function is a static s-shaped curve which shows a slight over-accommodation
at distance and progressive under-accommodation at near with increased
dioptric demand (Ciuffreda, 1991, 1998).

During nearwork, the accommodative response (AR) lags the
accommodative stimulus (AS) (Fig. 18.11, point A; Fig. 18.12a). However,
immediately following the nearwork and returning to the far-target viewing,
AR exceeds AS more than usual due to the presence of NITM and its
relatively slow decay back to the initial pre-task distance refractive state
(Figs. 18.11 and 18.12b). This transient myopia can be conceptually
regarded as an equivalent low-powered plus lens that is placed in front of the
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eye (Fig. 18.12¢). The transient myopia remains for a period of time [30 sec
or longer (Ong and Ciuffreda, 1995, 1997)]. In returning to nearwork within
this slow decay period, the accommodative stimulus is now the net result of
the negative optical power due to the distance of the target minus the small
equivalent plus lens associated with the residual transient myopia, i.e., the
non-decayed portion of the NITM. Thus, the net accommodative stimulus is
slightly less (~ 0.25 D) than 4D (point B in Fig. 18.11) (Ong and Ciuffreda,
1997). The response to this reduced effective AS is a slightly reduced AR,
and thereby a smaller AE is present. Therefore, the cumulative effect of such
repeated, non-fully decayed NITM, which results in repeated transient
decreases in retinal defocus at near, is conceptually similar to that of an
imposed large static minus lens during an increment of genetically-
determined ocular growth (Fig. 18.7b). By the earlier arguments, this results
in a decrease in the net rate of release of neuromodulators, a decrease in
proteoglycan synthesis, and in turn an increase in the rate of axial growth
relative to normal, or relative myopic growth. It is somewhat ironic that
rather than representing a failure of the emmetropization process, myopia
development is actually a result of the emmetropization process that operates
under the constraints of the AS/R function during increments of genetically-
programmed ocular growth.

L5

I

=

—_
T

Accommodative Response, D
L7

0 1 2 3 4 5 6
Accommodative Stimulus, D

Figure 18.11. Plot of mean accommodative stimulus-response data for 10 visually-normal
subjects. Symbols: ® = group mean accommodative response, error bars = +SEM, B = initial
pre-task refractive state at distance, Y = initial post-task NITM, data point at A = initial near
response, and O = subsequent near response with superimposed non-decayed NITM. Adapted
from Ong et al (1993), pg. 199, Fig. 6, with permission from Invest. Ophthal. Vis. Sci.
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(@) > Figure 18.12. Nearwork results in lag of AR
" /{\ B S and associated hyperopic defocus (pt. A in
T \U//// AS/R curve in Fig. 18.11). Dashed lines

S - represent light rays from object.

(b) ]

\\J/ == Subsequent viewing at far results in a small

m—— ] | nearwork-induced transient myopia (NITM).

Plus lens represents equivalent amount of
residual transient myopia. Far-to-near carry-

© - /T p - over of NITM due to slow decay of crystalline
——7 /{\ - lens power can be represented by an equivalent
TN i \j/ — plus lens. Thus, when returning to nearwork,

the effective AS is reduced slightly, and AR is
also reduced (i.e., moved down from A to B in
the AS/R curve in Fig. 18.11), resulting in a
slight decrease in AE, or retinal defocus.

Adapted from Hung and Ciuffreda (2000c), pg. 1099, Fig. 5, with
permission of Bull. Math. Biol.

The analysis above also explains why the increase in axial growth rate is
primarily associated with prolonged nearwork rather than farwork. This
results from a difference in their operating regions on the AS/R curve. It was
noted that the net result of repeated NITM is a decrease in the
accommodative stimulus, or a shift of AS to the left on the AS/R curve. For
nearwork (AS = 4 D), this results in a decrease in retinal defocus magnitude.
On the other hand, for farwork (AS < 1.5 D), this results in an increase in
retinal defocus magnitude. Thus, in contrast to the effect of nearwork
discussed above, farwork is analogous to the imposition of a plus lens (see
Fig. 18.7¢c), which according to IRDT, results in a relative decrease in axial
growth rate. Furthermore, some individuals (hyperopes and emmetropes)
may not develop myopia subsequent to nearwork, because they may have
higher sensory blur thresholds for inducing axial length growth than the
myopes (Hung & Ciuffreda, 1999; Flitcroft, 2000).

In addition, according to this theory, the rate of ocular growth is
dependent on the change in retinal-defocus magnitude regardless of how it is
generated. Therefore, in the absence of an increment of genetically-
programmed ocular growth, retinal defocus-induced axial elongation due to
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prolonged nearwork can still occur as long as the individual exhibits
susceptibility to the neurochemical influences on scleral growth. This may
explain the finding of form deprived myopia in adolescent animals even after
they are past the rapid juvenile growth phase (Troilo et al, 2000b), as well as
the finding of axial-based permanent myopia in newly-trained adult
microscopists (Adams and McBrien, 1992).

18.3.3 Basic Retinal Anatomy and Physiology of IRDT

Since the IRDT involves detailed aspects of retinal signal processing, a
brief review of retinal neural signal transmission is provided below. Signals
are transmitted in the retina through three types of neurons: photoreceptors,
bipolar cells, and ganglion cells. The photoreceptors (rods and cones) are
stimulated by light and relay their signals through bipolar cells, which in turn
relay the information through the ganglion cells. The axons of the ganglion
cells in the retina form the optic nerve, which transmits retinal-image
information to the higher cortical centers.  Bipolar cells also receive light
stimulus information from neighboring, or surround, photoreceptors via
lateral connections from horizontal cells in the outer plexiform layer. This
center-surround organizational structure provides local retinal-image contrast
information to the “sustained” ganglion cells, which respond to sustained
contrast information. On the other hand, “transient” ganglion cells respond
to change in the surround via amacrine cells in the inner plexiform layer.
Thus, these neurons relay information regarding any change in retinal-
defocus magnitude. In addition, interplexiform neurons from the inner-to-
outer plexiform layer modulate the long-term sensitivity of horizontal cells to
surround input. Thus, this feedback mechanism serves to adjust the steady-
state sensitivity level to provide relatively constant sensitivity to changes in
local contrast (Dowling, 1996).

18.4 QUANTITATIVE MATLAB/SIMULINK MODEL

A conceptual block diagram of the model is shown in Fig. 18.13a. It
is based on the principle that the magnitude of retinal defocus can be
represented by the difference in center and surround excitation. A change in
this signal, and thus a change in retinal-defocus magnitude, provides the
requisite sign for modulating ocular growth. The sensitivity to local retinal-
image contrast is maintained at a relatively constant level by means of
feedback regulation of horizontal cell gain provided by the interplexiform
neurons.  This precludes the need for a “memory mechanism” (Norton,
1999) for storing information regarding the immediately previous level of
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retinal-defocus magnitude, so that its change can be discerned. The release
of neuromodulator in turn results in changes in the rate of scleral
proteoglycan synthesis, which causes a change in scleral growth rate. This
relative growth rate is added to the ongoing and normal genetically-
programmed ocular growth rate to provide the overall axial length growth.

The detailed model is shown in Fig. 18.13b. The sustained pathway
consists of the photoreceptor, bipolar, and sustained ganglion cells. It is
modulated by surround signals via horizontal cells in the outer plexiform
layer to provide local steady-state or sustained contrast information. The
transient pathway also consists of photoreceptor, bipolar, and transient
ganglion cells. However, it is modulated by surround signals via amacrine
cells in the inner plexiform layer to provide information regarding local
change or transients in contrast information. Feedback regulation is
provided locally by the interplexiform neurons that receive signals for
neuromodulator release in the inner plexiform layer and modulate the gain of
horizontal cells in the outer plexiform layer to maintain a relatively constant
sensitivity to change in local contrast. = The center bipolar cell receives a
signal derived from the difference between center and summed surround
inputs, which represents the summated amount of retinal-image defocus
across the overlapping, spatially-contiguous center and surround receptive
field area.  This signal is differentiated by neural circuitry in the inner
plexiform layer, which most likely contains amacrine cells. This change is
rectified, so that the “envelope” of the signal, which represents the overall
change in retinal-defocus magnitude, drives the rate of neuromodulator
release. The neuromodulator, or a cascade of neurochemicals related to the
release of the neuromodulator (Wallman, 1997), passes through the choroid
to reach the sclera. The transit of the neuromodulator through the choroid
may result, at least in the monkey, in a volume change that is observed as a
change in choroidal thickness (Curtin, 1985; Cheng et al, 1992; Wildsoet and
Wallman, 1995; Marzani and Wallman, 1997; Hung et al, 2000b,c; Troilo et
al, 2000a). This may explain why, as expected, choroidal thickness changes
in the monkey are correlated with changes in retinal-defocus magnitude, but
the optical change associated the thickness change is too small to account for
any significant contribution towards full emmetropization (Hung et al,
2000b.c; Troilo et al, 2000a). On the other hand, the neuromodulator that
reaches the sclera modifies proteoglycan synthesis to result in changes in
ocular growth that does provide nearly full emmetropization, as described in
the schematic model (Fig. 18.13a).

Model simulation responses to center and surround stimuli are shown in
Figs. 18.14 a-d.  The center stimulus representing sharp focus consists of a
+ 1 amplitude (in arbitrary units representing change in luminance relative to
the background level) peak-to-peak, 0.1 Hz, square-wave signal. The
surround stimuli, representing varying degrees of retinal-image defocus,
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consists of the same square wave but modulated by different step levels over
the time span of the simulation. Fig. 18.14a shows the various steps of
modulation of the surround amplitude (solid) and the feedback-regulated
change in gain of the horizontal cells. = As noted above, this provides
relatively constant sensitivity to changes in retinal-defocus magnitude. The
pulse-like responses for the rates of neuromodulator release (solid) and
proteoglycan synthesis (dashed) are shown in Fig. 18.14b. The change in
proteoglycan synthesis rate in turn causes changes in the scleral growth rate
relative to normal (Fig. 18.14c). Finally, the cumulative change in axial
length relative to normal is shown in Fig. 18.14d.  These results clearly
demonstrate that the model is able to simulate the bi-directional aspects of
choroidal and scleral axial length changes found experimentally.

Figure 18.13. (See next page). (a) Conceptual block diagram model of the retinal-defocus
pathway for regulating sclera growth. The difference between center and surround
excitation provides the retinal-defocus signal. The derivative of the signal drives the release
of neuromodulators, which provides the feedback via interplexiform neurons to regulate
horizontal cell gain. In addition, release of neuromodulators causes changes in the rate of
proteoglycan synthesis, and in turn relative scleral growth rate. (b) Detail block diagram
model depicting the regulation of scleral growth rate. The retinal layers (outer to inner) are
arranged from left to right: photoreceptor, outer plexiform, bipolar, inner plexiform, and
ganglion. The sustained pathway consists of center photoreceptor, center bipolar B, and
sustained ganglion cell. Horizontal cell, whose gain is regulated by feedback via
interplexiform cells, relays surround information to modify sustained ganglion output. The
transient pathway consists of center photoreceptor, center bipolar A, and transient ganglion
cell. Amacrine cell relay change in surround information to modify transient ganglion
output.  Center bipolar B signal consists of retinal-defocus information and passes through
a rectifier, lowpass filters, and elements representing neuromodulator release, the choroid,
and proteoglycan synthesis. This is inverted to provide relative scleral growth rate relative
to normal.  Adapted from Hung and Ciuffreda (2000c), pg. 1101, Figs. 6a,b, with
permission of Bull. Math. Biol.
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Figure 18.14. (a) Envelope of surround stimulus representing various levels of defocus
(solid). Changes in horizontal cell output, which are regulated by interplexiform neuronal
feedback, shows a complementary response to surround defocus (dashed). (b) Pulses of rates
of neuromodulator release (solid) and proteoglycan synthesis (dashed) occur at the transitions
of surround stimulus (see Fig. 18.14a). (c) Rate of scleral growth relative to normal follows
the pulses in the rate of proteoglycan synthesis (see Fig. 18.14b). (d) Integration of scleral
growth rate provides the change in axial length relative to normal. The direction of change is
consistent with experimental findings and with the analysis provided by the schematic model.
Adapted from Hung and Ciuffreda (2000c), pg. 1103, Fig. 7, with permission of Bull. Math.
Biol.

18.5 SUMMARY AND CONCLUSIONS

Emmetropization appears to be governed by a relatively simple
mechanism, which has been described by our newly proposed Incremental
Retinal-Defocus Theory (Hung and Ciuffreda, 1999, 2000). The theory
states that the rate of change of retinal defocus determines the rate of release
of neuromodulators, which modulates rate of proteoglycan synthesis, and in
turn regulates the rate of scleral growth. Schematic analysis of the theory has
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provided a clear explanation for the eye’s ability to grow in the appropriate
direction under a wide range of experimental conditions including lens,
diffusers, black occluder, and removal of the crystalline lens. In addition, the
theory has been able to explain how prolonged nearwork could lead to
increased cumulative decrease in proteoglycan synthesis, and thereby
increased axial growth and permanent myopia. The critical point is that the
detection mechanism does not depend on the sign of the blur, but rather on
the change in blur magnitude that is either environmentally-induced or
results from an increment of genetically-programmed ocular growth. And, it
is not necessary to invoke more complicated processes, such as sensing and
analyzing of chromatic aberration, spherical aberration, spatial gradient of
blur, or spatial frequency content (Ciuffreda, 1991, 1998). Thus, this
unifying theory provides an understanding of the basic underlying retinal
mechanism for detecting blur magnitude, and furthermore explains how the
neurochemical signal is processed to modulate the rate of eye growth, and in
turn the resultant development of axial myopia.
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