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Abstract

In human eyes, the at-birth hyperopoic defocus gradually decreases to mild hyperopia or emmetropia
at around age 6. Studies on refractive development suggest somewhat complex mechanisms at work
between eye power and length. Myopia occurs as a result of failure of normal emmetroipzation.
Myopia is linked with various ocular pathologies and is now considered an independent risk factor of
a range of ocular diseases. Therefore, myopia research is essential. The substantially increasing
prevalence of myopia has particularly attracted researchers’ attention. Any improvement in the
understanding of the mechanisms of normal emmeropization and myopia development has the

potential to introduce interventions that can limit or prevent myopia incidence and/or progression.

The eye power calculation presented is simpler than other approaches and provides an accurate
power variation during normal emmetropization without the need for ex vivo measurements. Eye
power calculation during normal growth showed a decrease in eye power and that the small difference
between the rate of change in eye power and that of dioptric eye length, gives a decrease in MOR.
When we modify the eye power calculation with one additional assumption, it can to be applied to
myopic eyes. During emmetropization to hyperopoic defocus (LIM) and its recovery, eye power
calculations based on different additional assumptions confirm a change in the optics, either in the
positions of cardinal points or in the focal length, depending on the assumptions used. Changes in

curvatures of the ocular surfaces remain to be assessed.

Emmetropization is an active mechanism; it appears to be driven by values of angular blur due to
defocus which are above the level of the cone photoreceptor resolution during emmetropization.
Angular blur reaches a level similar to cone spacing at the completion of emmetropization. Rates of

change in optical axial length (OAL), corneal radius and the lens power are proportional to angular
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blur, causing blur to reduce significantly. Angular blur varies linearly with MOR and its rate of
change. After emmetropization, the constant angular blur and slightly increasing linear blur suggest
that eye growth might be relatively uniform. The links between rates of change in OAL, corneal
radius and the lens power during and after emmetropizaton may be related to a common signaling

molecule or via passive mechanisms.

During LIM and recovery from it, VCD is a main contributor to changes in mean ocular refraction.
However, the relative change in the front of the eye (represented by anterior cornea to back lens
distance) is proportional to the relative change in OAL and is important to overall OAL changes

compared to the control eye.

The change in eye power in relation to the change in eye length is important to normal
emmetropization. The optics also changes during LIM and the recovery from it. In addition, in normal
growth, a direct link between the changes in ocular parameters and retinal blur is shown. Since many
of these results are consistent with findings during emmetropization in children, the link between the
changes in ocular parameters and retinal blur may be important to understanding normal development

and development of myopia in human.
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Chapter 1

Introduction

1.1 Emmetropization and Myopia

Myopia occurs as a result of failure of normal emmetropization, a regulatory process that
guides an eye to balance its axial length and power. Massive attention has been put into
myopia research for decades because of the substantially increasing prevalence of myopia
and the links between myopia and ocular pathologies, such as glaucoma, retinal
detachment,* and age-related macular degeneration (AMD).? Any improvement in the

understanding of the mechanisms which cause a breakdown of normal emmetropization

and resulting myopia development has potential benefits of introducing interventions that

can limit or prevent myopia incidence and/or progression.®

1.1.1 Optical Changes during Normal Emmetrpoization

An emmetropic eye (Figure 1-1a) enables a clear image to be produced at the
photoreceptor layer. In this case, the eye is considered to have no refractive error.
Otherwise, an eye will have a mean ocular refraction (MOR) and to be either hyperopic
(Figure 1-1b) or myopic (Figure 1-1c), resulting in an image plane either behind or in
front of the photoreceptor layer. Humans are born with a broad variation of defocus
(refractive error is normally distributed in the range of -12 Diopters (D) to +12 D* with an
approximate average hyperopia of 1.00 D to 2.50 D with a standard deviation (SD) of
1.50 D to 2.50 D; reviewed in a book edited by Spaide and colleagues)®. During the first
year of postnatal development, as normal emmetropization proceeds, axial length

increases significantly, and both the cornea and the crystalline lens lose powers by
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flattening. Changes in powers and axial length are coordinated to achieve emmetropia.’
In human eyes, a substantial reduction of hyperopia occurs between birth and the third
year of life.® After the age of three, there are still increases in axial length and the anterior
chamber depth, with a significant reduction in the crystalline lens power, but there is
limited change in the corneal power.> " Emmetropization is finished at about age six for
humans, as originally shown by Hirsch and Weymouth in 1947.% ° Additionally, the
refractive error distribution in the adult eye has a much narrower distribution than the
infant with a peak located close to emmetropoia, having a SD about +1.00 D.* The fact
that all the components of refractions (cornea, anterior chamber, and crystalline lens) are
normally distributed but the refractive error is concentrated in the neighborhood of
emmetropia, giving a leptokurtotic shape, suggests the existence of an active mechanism
(emmetropization) controlling the development of the eye and minimizing its refractive

state.*

Figure 1-1 Refraction of rays from a distant axial object point for (a) emmetropic

eye, (b) hyperopic eye and (c) myopic eye.

Linear retinal blur occurs at the photoreceptor layer for hyperopic or myopic eyes because the
image is focused behind or in front of the photoreceptor layer, having positive (b) or negative (c)

mean spherical refractive error (mean ocular refraction, MOR).
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Emmetropization might be the result of both passive and active processes (reviewed by
Brown and colleagues).™ Passive mechanisms could include a proportional enlargement
of the eye, causing a reduction in the power of the dioptric system in proportion to the
increasing axial length which would cause decreasing MOR. However, this proportional
expansion gives an MOR reduction which is not sufficient enough to explain the rapid
decrease in the refractive error seen in human and animal eyes during normal growth.> *?
Some people suggest that the growth in the eye might involve different parts growing at
different rates.” Thus, an active mechanism must involve a fine-tuning of eye power and
length controlled by the feedback of the image formation on retina with the consequent
coincidence of the focal point of the eye and the photoreceptor layer. An active
contribution can be hypothesized given that the rate of decrease of refractive error in
infants is proportional to the magnitude of the initial refractive error within a certain
range,'® * suggesting that the change toward emmetropia may be visually guided.™
Animal experiments (including those performed on the chick model) have confirmed that
emmetropization is an active process regulated by the defocus of the retinal image (see

Section 1.1.3 below).

1.1.2 Myopia Development in Human Eyes

Beyond the initial emmetropization (birth to age 6), the ocular components of the human
eye continue to grow, and the eye usually maintains emmetropia (except when a
condition like cataract which effects the components). Myopia results because of a
breakdown in the emmetropization process. It usually develops over the school years and
presents low to moderate myopic refractive errors with a magnitude up to 6 D without

associated ocular pathology. This type of myopia typically develops when the eye has
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completed the infantile, rapid-growth stage and has reached approximately 95% of its
normal adult axial length,? resulting in a longer axial length than the focal length of the
eye” and a lower power of the crystalline lens.” In comparison with average emmetropic

eyes, the vitreous chamber shows the largest change.

Several environmental risk factors for myopia have been discussed. “Nature versus
nurture” was first coined by Galton in 1875." The risk of developing myopia is greater
when both parents are myopic than when one parent is myopia.'®™® In turn if one parent is
myopic, the risk is higher than when neither parent is myopia."® * Near work was
proposed to be associated with myopia in several cross-sectional studies;** however, the
results are inconsistent in other cross-sectional studies® ** and longitudinal studies.*” *
Interest has shifted to the association between time outdoors (lifestyle, light exposure)
and myopia, which is well documented in both cross-sectional and longitudinal studies
(reviewed by the book edited by Spaide and colleagues)®. Recent studies confirm that
time spend outdoors was negatively associated with myopia incidence in both younger
and older school children in Australian,” primary school children in Beijing® and
Taiwan,? even in young adults.”” Considerable interest is now focused on the moderate
protective effects of time outdoors, with a plausible explanation that bright lighting
condition outdoors stimulate the release of dopamine from the retina, which then acts as

an inhibitor of axial elongation.?® %

As longer axial length is commonly observed in myopic eyes, axial length variation has
been examined to monitor the development of myopia. However, axial length varies with
height, and eyes with longer axial length can still be emmetropic if eye power is lower

than average. Alternatively, it has been suggested that the ratio of axial length to cornea
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radius of curvature (AL/CR) is a better index*** to predict the refractive state rather than
axial length variation only. The AL/CR ratio has no gender difference and gets larger in
myopic eyes, with a mean of 3.18 at baseline in the COMET study of myopic children,*
compared to emmetropic eyes,*® with a value of about 3.00.* More importantly, around
age 6, similar to the narrow distribution of the refractive error, the distribution of the
AL/CR ratio is also narrow, suggesting that an important part of the changes up to this
age involve matching the axial length of the eye to the corneal power. However, the
underlying distribution of AL and CR remains normal.** Also, research has been
extended to study the crystalline lens development during myopia. Significant lens
thinning,” * * and lower lens power’ has been reported within myopic eyes.
Understanding the underlying biological mechanisms of eye growth and refractive error

development would be helpful.

1.1.3 Emmetropization and Myopia Studies in the Chick Model

Several animal models have been developed to study the mechanisms underlying
emmetropization and refractive error development. The understanding that
emmetroipzation is an active, visually-guided mechanism® which compensates the innate
refractive errors was established with the help of the chick model.*** The chick is ideal
because of its affordability, rapid growth rate and its ability to survive without a

mother.* 4

Studies of the chick model have supported the idea that the visual environment imposes
a powerful influence on refractive errors through controlling eye growth during the post
hatching developmental period. Research on myopia in chicks involves the induction of

myopia through form deprivation (form deprivation myopia, FDM; an open loop
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condition) or through negative defocusing lenses (lens-induced myopia, LIM; a closed

loop condition; Figure 1-2 and Figure 1-3).

Figure 1-2 A goggled chick.

The right eye of the chick is goggled with a lens, and the left eye of the chick is the control eye.

Figure 1-3 (a) A negative lens is put in front of a normal eye causing the focus to
move behind the eye. (b) The eye then grows to better match the retinal position to
the focal point. Lens-induced myopia results on lens removal. (c) Recovery from lens

induction of myopia though changes in power and eye length.

The red plane indicates where a distant object is focused; and the blue dashed plane is the
photoreceptor layer. In (c), these two planes overlap because the eye recovers from the induced

myopia and becomes emmetropic.
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1.1.3.1 Experimental Myopia

Axial length elongation is observed in both cases,*® with similarities at the molecular and
cellular levels in terms of some retinal expression transcripts* and dopamine release.*
However, it remains a controversial topic as these similarities may have different
underlying mechanisms.*® * During form deprivation myopia, images on the retina are
obscured by a diffuser or lid suture, and, as no image can be brought into focus by the
excessive ocular elongation which results, there is no definite endpoint. When the
diffuser is removed, the eye is myopic, but it can return to normal given time.
Manipulation of the early refractive development of the chick eye through a positive or
negative defocusing lens provides a closed loop condition. This allows the eye to
neutralize the refractive error in order to compensate the defocus. If a negative lens is
used, hyperopic defocus results, and the eye is myopic after goggle removal (Figure 1-
3b).** °%3 Given sufficient time, the magnitude of myopic defocus in the chick eye is
equal to the power of the inducing lens.>* Remarkably, it has shown that chicks are able
to compensate for a large range of refractive errors in response to defocusing lenses to as
much as -30 D" ** when application of lenses occurred at an earlier age.> Conversely,
placing a positive defocusing lens onto the chick eye will cause myopic defocus, resulting
in hyperopia through a decrease in the rate of axial elongation from that seen in normal
growth.”> *® However, the eye responds faster to the myopic defocus (positive lenses) than

to hyperopic defocus (negative lenses).>’

Notably, chick eyes are able to recover from induced hyperopia by positive lenses®” and
induced myopia by negative lenses® or diffusers.® However, the rates of recovery differ

from the rates of induction, and the mechanisms are thought to differ.> > Remarkably,
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after disconnecting the eye from the brain (for example, by optic nerve section) the chick
eye can still develop form-deprivation myopia® or compensate for positive or negative
lenses.”” Recovery from form-deprivation myopia occurs with less accuracy,® and

recovery from positive and negative lenses is shifted to a new end-point.”’

1.1.3.2 Possible Mechanism of Experimental Myopia

Unlike in the human case, it is widely believed that excessive axial elongation, through
changes in the vitreous chamber depth (posterior lens to anterior retina), fully explains

the refractive changes when LIM is established®* ¢ ©3

and following the recovery from
such modification® in animal experiments. Control of eye growth is considered to
primarily occur within the eye, driven by the defocus, involving an interaction of
molecules between the retina and sclera (retinoic acid and the levels of mRNA; or
increased expression of gene ZENK).* As well as eye length changes that occur during
LIM and its recovery, the vitreous chamber depth is also modulated, by major changes in
the thickness of the choroid, swelling in response to myopic defocus and thinning in

response to hyperopic defocus in both chicks® and humans.>”®’

1.1.4 Motivations

Much attention has been given to the examination of eye length growth at the endpoint of
emmetropization. Considering that the MOR is caused by the mismatch between the focal
point of the eye’s optics and the photoreceptor position (Figure 1-4), it is likely that the
optics in the eye (cornea and/or crystalline lens) change during normal emmetropization
and development of lens induction of myopia and its recovery. Cornea radius can be

measured in vivo using keratometry, and anterior chamber depth (ACD, anterior cornea to
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anterior lens) and lens thickness (LT) may be determined from biometry. However,
accuracies are limited given the highly curved surfaces in the small chick eye.
Furthermore, investigations of the contribution of the optical components are limited
because studies of crystalline lens require complex calculation using the Gullstrand thick
lens equation,* where lens radii and refractive indices need to be obtained ex vivo,* *
since lens radii and refractive indices are needed. Therefore, observation of longitudinal
changes within the optics is not possible. Also, the optical power is affected by every
inaccuracy or uncertainty during dimension and curvature measurements, and Cross-

sectional data are affected by individual variation.

Within experimental uncertainty, literature data suggests that the power of the
crystalline lens in chicks during early growth remains unchanged with age,** * but there
are also reports of changes in the range of accommodation of the lens.” In humans,
decrease in the power of the crystalline lens has been reported.” **> ™" Recently, our lab
has shown that shorter-term diurnal changes in MOR in chicks result from changes in
both optical axial length (OAL; anterior cornea to anterior retina) and eye power during
normal growth.” Also, it has been shown that, whereas the difference in OAL between
treated and control eyes decreases by 50% in the second week compared to the difference
during first week, the difference in corneal radius between eyes increases,” hence

supporting the hypothesis that power changes during myopia development.
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Figure 1-4 A schematic human eye showing ocular components and relative

positions of optical parameters (diagram originally created by Kisilak).

V is the vertex of the eye. F, F’ are focal points; P, P" are principal points; N, N’ are nodal points.
R is the photoreceptor layer, located within the retina. Axial length (AL) is defined as the distance
from the vertex to the photoreceptor layer. 1% focal length is the distance from P to F, which is
equal to the posterior nodal distance (from N’ to F’); 2™ focal length is defined as the distance

from P’ to F'.

Here we will show that eye power can be inferred from MOR and OAL. By definition,
the dioptric distance of the eye’s far point (MOR; in the unit of D) is the difference
between the image vergence needed for sharp retinal imagery and the power of the eye

(in the unit of D or m™)*
MOR =K' —F,. 1-1

The image vergence, K', is the inverse of the optical length (k’; from the second principal
plane, P’, to the photoreceptor layer, R; Figure 1-4) multiplied by the refractive index of

the vitreous chamber, n’,*

n’ 1-2
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I will show that the k' can be derived from an in vivo OAL measurement, a method
that can be potentially applied to study the longitudinal relative eye power changes
compared to changes in length in normal growth and during induction of and recovery

from myopia.

The growth of components of the eye is influenced by the visual experience; in terms
of retinal processing, retinal blur due to MOR is believed to be important in the control of
eye growth. Absolute changes in retinal angular blur (EB, equivalent blur)* or linear
retinal blur (LRB), geometrical approximations of the change in the angular and linear
half-widths of the point spread function, PSF,* can be easily calculated as a function of
age or lens treatment from the optical length, focal length and pupil size of the eye."* *

Possible mechanisms of growth modulation by retinal blur can then be studied.

Therefore, 1 wish to study how eye power and eye length are related (using
longitudinal data of MOR and OAL) and regulated by retinal blur due to defocus
during normal emmetropization; and how they change differently during lens
induction of myopia (with negative lenses, LIM) and its recovery. I am also

interested in ocular changes which contribute to changes in eye power.

1.2 Thesis overview

This first chapter provides the introduction and the motivation of the study of
emmetropization and myopia using the chick model. Chapter 2 describes the techniques
being used in this thesis and relating to the construction of the chick schematic eye
model. Chapters 3, 4, and 5 were written as independent manuscripts. Chapter 3 discusses

the possibility of using a proposed mathematical calculation of eye power and retinal
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blurs to study the changes in eye power during normal growth, with results also
pertaining to the end point of emmetropization and that emmetropization appears to be
driven by the reduction of angular blur due to defocus. Chapter 4 discusses the
contributions of powers (including eye power, corneal power and lens power) to the
reductions in retinal blurs in more detail and shows a strong connection to the active
mechanism of emmetropization during normal growth. Chapter 5 presents the
dimensional changes (including OAL, cornea to back lens distance, LT, and VCD) during
lens-induced myopia and its recovery and discusses the possible change in eye power
based on modified eye power calculations. Assumptions in the calculations are based in
part on the dimensional measurements. Chapter 6 discusses the use of an optical
technique (optical coherence tomography) to measure chick eye dimensions more
accurately and compares the results with ultrasound measurements. Chapter 7 presents
general discussions and conclusions. Supplemental discussion and figures are provided

through Appendices A to B.
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Chapter 2

Review of Techniques

2.1 Introduction

Emmetropization is the process of reducing the refractive error at birth to achieve
emmetropia, which is characterized by a match between the focal length of the optics and
the optical length of the eye. Assessing biometry data (about structural changes) of the
ocular components during development of the normal eye or the eye undergoing
treatments leading to refractive error is critical in terms of understanding how
emmetropization is achieved or breaks down in the development of myopia. This
chapter reviews the commonly used techniques for measuring refractive errors and
dimensions (also being used in other chapters of this thesis), focusing on the selective

in vivo methods for longitudinal studies within small chick eyes.

Schematic eye models describe the geometrical and structural properties of the ocular
components, which intrinsically reflect the optical quality of the eye. Schematic eye
models of the chick eye (see example, Figure 2-1) has been developed for young
(between days 0 to 15)* * and for 30 day-old* chicks, together with optical parameters
reported at other ages.*” *> °* ® ™% Image properties can be calculated through ray-
tracing. Fundamental optical characteristics can be studied to determine the relative
importance of each component to the overall optical quality. Furthermore, extensive
predictions can be made to postulate the potential contribution of unknown factors (for
example, the distribution of refractive index in the lens). Constructing optical models of

the chick eye requires measurement of the refractive state, axial dimensions, curvatures,

2-13



and refractive indices of the ocular media (cornea, aqueous and vitreous, also the
crystalline lens if possible). Various techniques are used for measuring or inferring

different parameters.

N F

L

|
s

———
-

Figure 2-1 A sketch for the paraxial chick schematic eye model on day 0 (adapted

from Irving and colleagues with permission).*

Constructed based on measurements of radii of curvatures, distances between surfaces, and
refractive indices. An equivalent refractive index of the crystalline lens, defined as the
homogeneous index of the lens with the same external geometry and focal length as the

crystalline lens, was used.®

2.1.1 In vivo Measurements
2.1.1.1 Refractive Error, Corneal Curvature and Dimensions

Refractive error (mean ocular refraction, MOR) and dimensions can be measured in vivo.
Refractive state is measured by retinoscopy (see Section 2.2.1) or Hartmann-Shack (H-S)
wavefront sensing technique (see Section 2.2.2). Anterior corneal curvature is most
commonly measured by keratometry®® #* 4> %8 €0.78.80 \yjith g precision of 0.01 mm™* to 0.02

mm,*”® and the cornea over the measured region is considered spherical. Corneal
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thickness, anterior chamber depth, lens thickness, vitreous chamber depth, and optical
axial length (OAL; anterior cornea to anterior retina) (see Figure 1-4 and figure caption
for Figure 3-1) are measured with ultrasonography. Additional aids, such as anesthesia
and lid retractors, can also be helpful. However, they have side effects on the animal and

the dioptric properties® ® so as far as possible we avoid them.
2.1.1.2 Experimental Conditions

Cycloplegia (which paralyses accommodation) with®® ® ® or without anesthesia® * ** >
can be used during in vivo measurements, sometimes with lid retractors® to keep the eye
open during measurements with anesthesia. It has been pointed out that cycloplegic
refractions are slightly more hyperopic (on average 1.3 D more hyperopic).” However,
non-cycloplegic refraction is considered advantageous in that natural accommodation
tonus, a possibly important factor for normal eye growth, is conserved.>® Some scientists
make refractive measurements without any additional aids* *> *> ’" and studies have
shown that growth rate®® and optical qualities® are affected after repeated anesthetic use

and that lid retractors change the optics.*

In addition, it has been shown that both MOR and OAL have significant diurnal
variations with a period of around 24 hours and 12 hours, respectively,’ * so
measurements should be taken approximately around the same time on each experimental

day to avoid the influence of diurnal variation.
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2.1.2 Ex vivo Measurements
2.1.2.1 Radii of Curvatures and Dimensions

Anterior*** and posterior® * radii of curvature of the crystalline lens are often measured
ex vivo within frozen sections, based on the best circular fits for the paraxial region. They
can also be measured in vivo using phakometry. Corneal thickness, anterior chamber
depth, lens thickness, vitreous chamber depth, and axial length can also be measured in
frozen sections* *> ® or by ultrasonography (ultrasound biomicroscopy UBM™ or A-scan
ultrasound)* *® either in vivo® or within excised eyes.* ** ™ In this thesis, the radii of
curvatures and dimensional data, either measured in vivo using ultrasound or OCT; or

within frozen sections or with ultrasound ex vivo from the literature are used.***
2.1.2.2 Refractive Indices

Refractive indices are currently measured ex vivo. Refractive indices of cornea, aqueous
and vitreous are measured using an Abbe refractometer within excised eyes.** *> These
three refractive indices are found to be stable throughout the life of a chicken.” The
refractive index of the cornea has been measured as 1.369** ® or 1.373, which is smaller
than the mean refractive index of the human cornea (1.376).* Refractive indices of the

aqueous and vitreous chamber are consistently found to be 1.335.%* %

However, the crystalline lens exhibits a gradient refractive index,* and the complex
index profile is difficult to measure or interpret. In the construction of schematic eye
model, the equivalent refractive index of the lens is usually calculated by matching the
focal length (measured optically)® of the excised lenses with the measured lenticular

radii and lens thickness. Alternatively, the gradient index profile can be characterized by
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a large number of iso-indicial shells with the highest measured index of 1.3947 in the lens
core and a lower measured index of 1.3738 in the periphery measured with both Abbe
and Pulfrich refractometers.®® In optical coherence tomography, another index, termed the
average refractive index of the lens, is used go from the optical path length of light
shining through the lens to the physical thickness and surface curvatures. It can also be
determined by dividing the measured optical path length in the center of the lens by the

actual central lens thickness from the shadow photography images of the same lens.®
2.1.2.3 Advantages and Disadvantages of ex vivo Measurements

Ex vivo measurements give better ocular structural information under specific
experimental manipulations for comparisons because the measurement conditions are
more stable and the influence of repeated cycloplegia, anethesia and lid retractors can be
avoided. However, because animals are sacrificed, it is impossible to include a large
sample size or to make longitudinal measurements, to closely observe the normal ocular
development or consecutive changes after applying experimental manipulations.

Therefore, longitudinal in vivo studies are recommended.

2.2 Refractive Error Measurements

Eyes with refractive errors are divided into two main categories: spherical ametropia and
astigmatism.* If only spherical ametropia is present, the eye’s refractive system can be
approximated as symmetrical about is optical axis, with all rays intersecting at a single
point in front of or behind the retinal plane of the system. Thus, myopia or hyperopia

occurs. More generally, negative or positive lenses with power equal to the spherical
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equivalent refractive error (S-C/2, where S is the sphere and C is the cylinder correction
needed)* can be used to move the focus plane (corresponding to the circle of lease
confusion) onto the retina. Astigmatism is the result of rays from different meridians
being focused at different locations because the power of the eye is asymmetric.
Therefore, the rays of the light will pass through one of two planes (both containing the
optical axis) through the eye such that the power in one meridian of the optics is
minimum, with an angle 0, range from 0° to 180°, and maximum on the other
(perpendicular to the maximal meridian); a point source will form 2 line foci. Between
these two lines, there is a circular blur image known as the circle of least confusion. The
power for the cylindrical lens is C, equal to the difference in power between the maximal
and minimal meridians. The power of the sphere, S is the power of the maximum

meridian.

The mean ocular refraction (MOR) is the spherical lens power placed at the principal
plane of the eye which places the circle of least confusion on the retina. MOR can be

calculated from spherical defocus and the absolute value of the cylinder.

C -
MOR=S—§ 21

The refractive error can be measured by retinoscopy or a Hartmann-Shack (H-S)
wavefront sensing system.
2.2.1 Retinoscopy

Retinoscopy measures the MOR with an accuracy of 0.7 D in the chick eye within two
weeks of age®” or 0.3 D at about four weeks of age.”® Measurements are performed in

scotopic room illumination. A white light is shone into the eyes close to the optical axis,
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and the observer subjectively interprets the direction of the light reflex to be with,
against, or neutral relative to movement of the source. The “with” motion, showed by a
relatively clear, well-defined yellowish/orange moving reflex, means the eye is
hyperopic. The “against” motion, interpreted by a vague, one-sided shadow moving
across pupil in the opposite direction to the retinoscope, suggests the eye is myopia. Plus
or minus lenses are then placed between the observer and the measured eye until a neutral
reflex, characterized as a bright, stationary reflex that engulfs the eye, is determined. The

correction is then adjusted for the observer’s working distance.

When doing the measurement, with the parallel reflex band of the retinoscopy streak,
the meridian with the minimal power is first identified. Then, along the perpendicular
meridian (the maximal meridian), similar scoping is performed; the sphere power of the
lens that makes the reflex motion neutral is S, and the angle is 0. The difference between
the maximal and minimal power needed is the recorded cylinder power, C. The recorded

refraction in negative cylinder form is then given as

Prescription reads as S — C X ©. 2-2
Therefore, MOR can be calculated from Eqn. 2-1.
2.2.2 Hartmann-Shack (H-S) Wavefront Sensing

Alternatively, refractive error can be measured objectively by a Hartmann-Shack (H-S)
system in the chick® or human® eye. In our lab, a customized H-S system was built for
measuring aberrations in the growing chick eye during normal growth and lens-induced
myopia (LIM).*” For chicks within first two weeks of age, this customized-designed H-S

system is considered more accurate than the retinoscopy (0.7 D) with an accuracy of 0.5
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D.¥ For the measurement a dimly lit environment is used for greater sensitivity and a
larger pupil size.®” In a H-S apparatus (Figure 2-2), a small laser beam (633 nm) is
focused to a small disc on the retina and diffusely reflected back out, filling the pupil.
Distorted by the optical components of the eye, the emerging wavefront is sampled and
focused by a lenslet array, with the resulting image (consisting of one spot for each
lenslet, see Figure 2-2) captured by a CCD camera. The spot displacements, Ax and Ay

are proportional to the derivatives of the wavefront aberrations, W(x,y):

Wxy)  Ax q W(xy) Ay 2-3
ax  f Ty T

where f is the focal length of the lenslet array. The corresponding slope vector, s contains

AX- and Ay-shifts for each spot.

Spatial Filter

e = ¢

Lenslet Array

Figure 2-2 Schematic of a customized Hartmann-Shack system the chick (adopted

from Kisilak and colleagues).*

L1 and L2 are lenses, BS is a beam splitter, and P is a pinhole.
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The wavefront aberration, W(x,y), is described by an orthogonal set of functions,

called Zernike polynomials, Z, where each orthogonal term specifies a certain mode of

aberrations,® all weighted by an optimal set of coefficients, ¢. The polynomials are

ordered by a double index scheme, consisting of a normalization factor, a radial-

dependent component and an azimuthal-dependent componen

The optimal set of

coefficients are from minimizing the root mean square of the difference between the

estimated wavefront from the Zernike coefficients, Zc, and the measured wavefront. To

accomplish this minimization,™

C1 2-4
¢=|7|=(Dp")'D3
Cn
where
[0Z,(%,y)1 0Z1(%,y), 0Z:(X%Y)m 9Z1(X,¥)1 0Z1(%,Y)m]
0x4 0%, 0%y dy1 0Ym
0Z,(x%,y)1 0Z(xy)> 0Z,(%,Y)m 9Z2(X,¥)1 0Z,(X,Y)m
D= 0x4 0%, 0%y dy1 0Vm
: : : : R 2.5
0Z,(x,y)1 0Z,(x,y), 0Z,(%,Y)m 0Zy(X,¥)1 0Zy(X,Y)m
0%, 0x, 0X dy, 0VYm

and DT is the transpose matrix, and the order of Zernike terms in D indicates the order of

the output of Zernike coefficients. The MOR is calculated from the defocus term

(Zz_2 = Z4)192
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where r is the radius of the entrance pupil in the eye. In this thesis, the aberrations were
fit with 4™ order Zernike polynomials, and measurements were averaged across frames
for each bird on each day. Images, with larger pupils, corresponding to an
unaccommodated state, were chosen. Because the aberrations change with pupil size,® in
order to study underlying changes in the central optics which impact MOR, a constant

pupil size is used across birds and ages during the experiment.
2.2.3 A Small Discussion of Retinoscopy and H-S technique

Retinoscopy and the H-S technique are considered interchangeable methods for
measuring MOR in the chick eye with a 1 D offset,** possibly caused by a combination of

chromatic aberration and the small eye artifact® during measurement of retinoscopy.

If we consider there is chromatic aberration in the eye, and that light reflects from the
photoreceptor layer in the retina between the light used for retinoscopy (white centered at
green) and the red light used in H-S measurement of refraction and that the second

principal point is stationary with wavelength,* then

MOReq — MORgreen:[K,red - KIgreen] — AF 2-7

€red—green

! !
_ | Dred Ngreen
- €red—green

— AF
k,red k,greenl

where n.q and ngreen are the refractive indices of the vitreous chamber depth at 500 nm
and 650 nm; K’ eq and Kgreen are dioptric lengths, and k'req and k'green, the optical

lengths measured at 500 nm or 650 nm are equal; and AF is the chromatic

€red—green

difference of the power, which is smaller than -3 D in the chick eye.* The difference in
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MOR will be less than the chromatic difference of power. Thus due to chromatic

aberration, a hyperopic shift of the H-S relative to retinoscopy would be expected.

The small eye artefact for white light which shifts the MOR more hyperopic than the
actual refraction was originally postulated to arise because the reflection of retinoscopy
light (centered at 550 nm, green light) occurs at the retinal/vitreous interface, in front of
the photoreceptor layer a distance about 135 um for mammals in front of the latter.”®
However, it is also known that red light reflects from deeper in the retina than green light,
so that the artefact of retinoscopy for white light is expected to be reduced and potentially
to be wavelength dependent.* The effect of the postulated position of the retinal reflection
would introduce a myopic shift of the H-S refraction relative to the retinoscopy
refraction, opposite in sign and likely smaller than he hyperopic shift due to chromatic
aberration. Thus the small hyperopic shift of the H-S refraction relative to retinoscopy is

expected.

2.3 In vivo Dimensional Measurements

Paraxial schematic eye models can indicate how changes in a single dimension, for
example, eye length (without other concurrent changes) would change MOR. To
elucidate mechanisms underlying normal emmetropization and myopia, monitoring
dimensional changes during experimental myopia induction in various animal models is
important. A-scan ultrasound is considered a gold standard for in vivo measurement.
Small animal eyes create difficulties in accurately measuring individual optical
components with precision. More recently, the possibility of using an optical method to

measure the small eye has been explored.
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2.3.1 A-scan Ultrasonography

Sound travels within solid or liquid materials in a wave pattern. In A-scan biometry, a
parallel sound beam is emitted from the transducer probe at a frequency of between 10
and 30 MHz, and echoes bounce back into the probe by reflection from different
interfaces. Sound waves travel at different velocities (faster through solids than through
liquids) within media of different densities. In the eye, reflected beams can be detected
using a 10 MHz probe at the aqueous/anterior lens surface, the posterior lens/vitreous
surface, the vitreous/retinal surface and other surfaces posterior to this (see Figure A-1).
Echoes received by the probe are converted by the biometer to signals above the baseline.
The distance between two interfaces can then be determined by multiplying one half of

the time difference (At) between echoes by the speed (v) of sound within the medium.

. . At 2-8
Distance between two interfaces = v X >

The resolution of ultrasound is characterized by the system’s ability to differentiate two
interfaces that lie in the close proximity. The greater the difference in refractive index of
the two media at each interface, the stronger the echo is, thus the higher the signal.
Higher frequencies give better resolution but less penetration (because they are absorbed
more than lower frequencies). Misalignment will reduce the strength of the signal from
the echo or cause missing signals, leading to unreliable measurements. Identification of

misaligned A-scan diagrams is discussed in Appendix A.

During ultrasound measurement, either contact or immersion techniques can be used.
In the contact mode, the probe is directly placed on the corneal vertex to let the sound

beam travel along the optical axis, but corneal compression by the probe is likely,
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especially in chick with a softer cornea. Alternatively, the immersion technique avoids
contact with the cornea. The probe is immersed into a shell filled with saline solution or
onto a water pad placed on the lids. By doing this, the probe and cornea are no longer in
contact, thus anterior and posterior corneal spikes can be obtained. However, three
different immersion instruments failed to give adequate peaks when used by us on alert

chicks.
2.3.2 The Optical Approach

The distances between surfaces in the eye and potentially their shapes can be measured
using optical systems, such as partial coherence interferometry (PCI), optical low
coherence interferometry (OLCI), and optical coherence tomography (OCT). All refer to
the same basic set-up, a Michelson interferometer using low coherence illumination. In
an optical measurement system, optical path length and intensity of the coherently
reflected infrared light (instead of a sound beam) from internal tissue interfaces are
recorded by comparing it to light that has traveled a known reference path length.* In a
time domain system, the path length of the light is measured using an interferometric

technique.

In a Michelson interferometric set-up (Figure 2-3), the incoming light emitted by an
extended source is divided into two perpendicular beams by a beam-splitter. The two
beams are reflected by mirrors M1 (sample interface) and M2 (movable reference mirror)
and then return through the beam splitter to the detector. The two beams interfere with
each other, and the interference patterns are captured by the detector. If a coherent light
source is used, interference fringes will be observed only at precise optical path

differences; but if low-coherence or short pulse light is used, the interference pattern will
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occur when two optical path lengths match within the coherence length of the light.* In a
time domain system (as the Visante anterior segment OCT being used in Chapter 6), by
changing the position of M2, constructive and destructive patterns are obtained. In
systems designed for ophthalmology or vision science, the light beam propagating into
the eye gets reflected from the major surfaces. The optical path differences between
reflections from different surfaces and the reference beam can be measured by detecting

the interference while scanning the reference path length (by moving M2).

| J

Detector

M1

Figure 2-3 A schematic of a Michelson interferometric set-up.

Despite of the fact that the same principle is used among PCI, OLCI and OCT, they are
distinguished by some differences. PCI and OLCI have almost the same set-up, the
difference is that OLCI with an near-infrared source has a broader bandwidth, thus a
rather short coherence length (about 10 um)®, compared to a longer coherence length of
about 160 um in PCI. The axial resolution is determined by the coherence length,* since
interference only occurs when the path length is matched within the coherence length,

which is the spatial width of the autocorrelation of the interference signal from the two
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fields (inversely related to the bandwidth). For a source with a Gaussian spectral
distribution, the axial resolution (Az, an equivalent of the coherence length) is defined

61894

n= 242 -
™ " CAA

where A is the center wavelength of the source and AA is the full widths at half maximum
of the source autocorrelation function which approximates the spectral bandwidth. Being
one-dimensional ranging techniques, PCI and OLCI share the same limitations. This is
where OCT is superior, offering the capacity to reconstruct cross-sectional or three
dimensional images. In OCT, cross-sectional images can be generated by performing a
series of axial scans at varies transverse positions. In contrast to time-domain techniques,
using a photodiode to measure intensity after moving the reference arm, Fourier-domain
OCT can detect the intensity from all the path differences simultaneously. Instead of
having a scanning mirror which matches the optical path length difference and a detector
recording the position of this movable mirror, Fourier-domain OCT has a stationary
reference mirror with a spectrometer or a light source with a scanning wavelength to
record the interference signal as a function of the wavelength of the light reflected from

ocular surfaces.

The optical OCT approach is becoming popular because it is non-invasive (no direct
contact with the eye is required) and has higher resolution than ultrasound. Comparison

%% as well as animal

with conventional ultrasound techniques within human eyes,
models,”™ % has shown that optical methods have potential in multiple applications,

notably in ophthalmology for diagnostic measurements. In addition, most biologic tissues
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are highly scattering and it is easier to focus light than sound (giving better transverse

resolution).*
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Chapter 3
Calculation of Total Eye Power and Retinal Blur during

Normal Emmetropization in the Chick Eye

This chapter is partially based on the abstract by Shao et al., presented in part at the annual
meeting of the Association for Research in Vision and Ophthalmology, Fort Lauderdale,
Florida, May 2012. This chapter has been submitted for publication. Olivia Stanley and
Kevin Tuck helped the author of the thesis prepare for the oral presentation for the

conference by providing suggestion during rehearsals.

The co-authors are Dr. Elizabeth Irving, Marsha Kisilak, and Dr. Melanie Campbell.

Detailed declaration of contributions is as follows:

Dr. Campbell first proposed a possible eye power calculating using refractive error and
optical axial length data, advised on and checked calculations throughout the work. Kisilak
provided the idea of a relative principal plane position which was constant with age. They
also had previously developed the image metrics used (equivalent blur and linear retinal
blur) in collaboration with Dr. Jennifer Hunter. Dr. Irving provided background
understanding and published normal chick eye parameters (of refractive error and optical
axial length) during first two weeks of development for initial analysis. Kisilak provided
previously unpublished normal pupil radius data between days 0 and 15. The author of the
thesis first applied the eye power calculation to the normal chick eye parameters (provided
by Dr. Irving) during the first two weeks of age. Then the author of the thesis examined this
eye power calculation by comparing the outcomes with other reported literature values and
further discussed the constant ratio of the distance between second nodal point and the
anterior retina to optical axial length used in the calculation. Also, the author of the thesis
did some literature search for normal development data beyond two weeks of age to enable a
more complete presentation of normal emmetropization between days 0 and 75. Moreover,
the author of the thesis calculated the equivalent and linear retinal blurs due to defocus using
literature and experiment pupil data during days 0 and 35. The concept of defining the end of
the period of emmetropization from the near constancy of equivalent blur was developed by

Dr. Campbell. The author of the thesis wrote up the manuscript (including the literature
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review) after discussion with Dr. Campbell about interpretation of data and figures. Dr.

Campbell provided critical revision of and polished the article. Other co-authors read and

commented on the manuscript.

This research is supported by the Natural Sciences and Engineering Research Council

(NSERC).
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ABSTRACT

PURPOSE. An eye power calculation is developed and tested and used to study the co-
variance of optical length and eye power and their contributions to emmetropization and

retinal image quality during normal growth in chick eyes.

METHODS. Novel equations were used to calculate eye power. From literature values
of chick eye parameters, MOR and optical axial length (OAL; anterior cornea to anterior
retina) were fitted as a function of age. Dioptric eye length (K’) and eye power were
derived up to day 75. Pupil size data were used to calculate the angular and linear retinal

blurs (EB and LRB) on the retina due to defocus.

RESULTS. An exponential fit of eye power vs age to day 15 also defined its variation to
day 75. During emmetropization, OAL increases while MOR decreases. Eye power
decreases exponentially with age reaching and maintaining a value very close to K’ from
day 35 onward. This gives a stable value of MOR beyond day 35. EB and LRB decrease
almost exponentially until day 35. After about day 35, MOR changes little, EB remains
almost constant while LRB increases slowly, in agreement with predictions of a

uniformly expanding eye model.

CONCLUSIONS. The eye power calculation presented is simpler than other approaches
and provides an accurate power variation during normal emmetropization without the
need for extensive dimensional data. Concurrent variations in eye power combine with
eye length changes to produce the smaller changes in MOR during emmetropization. We
define the time point at which MOR and angular retinal blur (EB) become stable as the

completion of emmetropization. Emmetropization appears to be driven by an active
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reduction of EB. After emmetropization is complete, the measured ocular parameters are

consistent with uniform expansion.

Keywords  Ocular development « Emmetropization * Eye power * Chick * Growth
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3.1 Introduction

The eye is said to be emmetropic when the image is located close to the photoreceptor
layer. Otherwise, the eye is hyperopic or myopic with a spherical refractive error which
contributes to the mean ocular refraction (MOR). This MOR produces a defocus blur on
the retina. Most species begin life with a hyperopic refractive error,®® which gradually
reduces towards emmetropia as the eye grows by an active process called
emmetropization.” During emmetropization, the optical blur on the retina from
aberrations other than defocus also reduces.”” This response to the direction of defocus of
the eye is a fine-tuned growth regulation mechanism guided by the mismatch between
eye length and optical power." ® % Emmetropization is complete around age 6 for
humans as originally shown by Hirsch and Weymouth in 19472 but hyperopia or myopia
may develop at older ages.* % % 1% Their development involves a breakdown in
correctly identifying and compensating for defocus as the eye grows. Therefore,
understanding the process by which optical power and eye length are regulated during
normal growth and subsequently during myopia development when emmetropization

fails, is crucial.

The chick is a popular animal model in which to study eye growth during normal
emmetropization and the development of induced refractive error. Its growth changes are
rapid, and chicks feed independently after hatching. In chicks, both refractive error and
ocular dimensions change more rapidly during the first 2 weeks post-hatching® 3 %> 43 63
but changes have been reported beyond this time® until day 75.*> Schematic eye models
(see for example, Figure 3-1) developed for chicks at different ages® > ** help explain

changes during emmetropization and lay the ground work for explaining changes with
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refractive errors induced by lenses placed in front of the eye. It is widely believed that
axial length changes fully explain the refractive error seen when the endpoint of induced
myopia is reached®™ ® and after full recovery from such modification.** However, the
contribution of optical power relative to that of eye length during emmetropization and
response to lens manipulations is not often examined.* In addition, our lab has recently
shown that changes in both eye length and power lead to short-term diurnal changes in

refractive error.*

Eye power is often calculated cross-sectionally on different birds at different times by
combining many dimensions, often measured post-mortem, which increases the
uncertainty of the calculated power. Recently, a customized Bennett’s equation for
calculating lens power in chick eyes from in vivo measurements of refraction,
keratometry and biometry was proposed'” from which eye power could also be
calculated. Here, we wish to derive eye power from two measurements, refractive error
and eye length, using a new, simplified method which could be used longitudinally in
living eyes. We will test the method on cross-sectional data. We wish to study ocular
power changes and the defocus blur on the retina as a function of age during
emmetropization in normal growth. We will then present a new definition of the endpoint

of emmetropization and insights gained into this active process.
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3.2 Methods

3.2.1 Experimental Data

Eye power was derived from spherical equivalent refraction (mean ocular refraction,
MOR) and ocular dimensions (see section 3.2.2 below) reported in the literature,®* % %
During normal growth for three different strains, White Leghorn, sub-strain Ross 308;*
White Rock cross; and White Leghorn,* Cornell-K* chicks were used. MOR data points
for birds up to and including day 14 *® were measured from the original figures in the
papers and for birds from day 10 onward* were determined from the regression cited by
Iribarren and colleagues.’” Additional data from Schaeffel and Howland® are also
discussed. Data were not corrected for the artefact of retinoscopy. Optical axial length
(OAL) values, anterior cornea to anterior retinal surface,” were read from the figures or
determined from the regression given in the original papers.”** In the work by Irving and
colleagues,”® MOR was measured by retinoscopy without anesthesia (a combination of
longitudinal and cross-sectional data), and OAL was measured with A-scan ultrasound on
52 birds (cross-sectional data). In the paper by Schaeffel and Howland,”® MOR was
measured by cycloplegic Hartinger refractometry and OAL by ultrasound with
anesthesia. Avila and McFadden’s* MOR was measured by retinoscopy cross-sectionally
under anesthesia. Here, OAL was determined after subtracting their measured retinal
thickness® from their reported anterior cornea to posterior retina distances. Other
dimensions (for example, the locations for second focal point, F’, and second nodal point,
N")* were determined from the figures. In addition, pupil radius data before day 14 (Ross

Ross chicks, from a published experiment®* where pupil radius was not reported) and
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from day 14 to day 35 (White Leghorn chicks)®* were combined and fitted with an

exponential function.

Figure 3-1 A schematic eye drawing with relative positions of the cardinal points of

the eye (adopted from Irving and colleagues).®

F, F'" are focal points, P, P’ are principal points, and N, N’ are nodal points, making up the
cardinal points of the eye. R is the photoreceptor layer, located within the retinal thickness.

P'R (k') is the optical length. Axial length (AL) is the distance from the anterior cornea to the
back of the sclera.*® Optical axial length (OAL) is the distance from the anterior cornea to

anterior retinal surface (the vitreous/retinal interface, R’, not labeled in the ﬁgure),40 which is

shorter than AL.

3.2.2 Equations for Eye Power and Retinal Blur due to Defocus

Dioptric length (K') 1s defined as

n’ 3-1
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where n’ is the refractive index of the vitreous, and k' is the optical length (ﬂ :
Figure 3-1). According to Bennett and Rabbetts,* MOR can be expressed in terms of K’

and eye power (F,) as
MOR = K’ — F,. 3-2
From Eqgn.s 3-1 and 3-2, the power of the eye can be expressed as

n’ 3-3
Fo = 15— MOR.

In schematic eyes, power is calculated from the powers of cornea and lens along with
the distances between their principle points. Here we use Eqn. 3-3 to calculate eye power
from k" and MOR. k' can’t be measured directly but can be derived as a function of age

from the positions of the cardinal points and retina (Figure 3-1) such that

n . __ 3-4
kK = —X (N'R + RF’) — RF’,

where n=1 and n'=1.335"*® are the refractive indices for the air and the vitreous, R is the

position of the photoreceptor layer, F' is the second focal point, and N’ is the second

nodal point. Because the defocus, (% — 1) x RF’ in the normal eye is small compared to

nl
n

X N'R, k' can be approximated as

! 3-5
X N'R.

=

k' ~

= |

Note that k' is measured to the photoreceptor layer. Since there is no consistently reported
distance of the anterior retina to the photoreceptor layer for chick, we used OAL in

calculating k'.
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Using data of Irving and colleagues,® for a normal growing eye, the distance from N’
to anterior retinal surface (N'R’) to OAL ratio was found to be constant within 3.5%
(0.66) with age as were the ratios calculated from Avila and McFadden (0.66)* and
Schaeffel and Howland (0.66 if the data are fitted with a constraint of zero intercept, also
see Figure 5-A2 in Appendix-5.6.3).> Therefore, for simplicity we assume 0.66 for all

populations as a function of age,

N’R’ 3-6
oAl S Y= 0.66,

substituting Eqn. 3-5, then

, n’ 3-7
k zyXHXOAL=O.88XOAL.

k' is substituted into Eqn. 3-3 so that

3-8
F,~ ———— — MOR.
€ 0.66 X OAL

The size of the blur circle on the retina due to defocus, the linear retinal blur (LRB)"
produced by the refractive error, is the product of equivalent blur (EB)* and the first
focal length of the eye (f),

EB
LRB=EB><f=F—,

e

where EB, an angular measure of the retinal blur is defined as*

1 1 -

4 (35) RMSA |4 (35) Zs 3-10
EB = =

r r

)
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where RMSA is the root mean square aberration, Zs is the Zernike coefficient for
spherical defocus, and r is the radius of the eye’s entrance pupil. Because MOR is related

to Zs,*
EB = MOR X, 3-11
from Eqn.s 3-9 and 3-10, the radius of LRB can be written in terms of MOR, r, and F,,

IMOR| x r 3-12

Dioptric length (K') and eye power were derived as a function of age from the data in
Section 3.2.1 using Eqgn. 3-8 and the resulting data points were then best fitted with a
function. In addition, for Avila and McFadden’s data,® K’ and eye power were also
derived from the exact cardinal positions of the eye’s optics. To examine effects of
ignoring the small R'F’ distance, results for eye power (Eqn. 3-3) with k' calculated from
Eqgn. 3-7 were then compared to the exact results using Egn. 3-4. The angular and linear
blurs (equivalent blur, EB; and linear retinal blur, LRB) on the retina due to defocus were
derived from the fits to MOR, eye power and pupil radius as a function of age using

Egn.s 3-11 and 3-12.

3.3 Results

MOR data for birds up to and including day 14* and after day 8 and up to day 75*° were
combined into data set 1 because these reported MOR values can be well fit by a single
curve (Figure 3-2a) along with a second curve for another data set 2.* Figure 3-2 also

shows the variations of OAL, K’ and eye power.
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OAL (Figure 3-2b) initially increases rapidly with age and then more slowly as the
emmetropization progresses. Meanwhile, dioptric length (Figure 3-2c) and eye power
(Figure 3-2d) decrease exponentially by approximately 100 D over the entire period, by
very slightly different amounts, causing the MOR to decrease rapidly from nearly 6.55 D
to 0.80 D. This exponential decrease in MOR for data from O to 75 days (Figure 3-2a) is
due to the difference between the slower exponential functions for K’ (the reduction of K’
with a time for a 50% change, t50=26 days, Figure 3-2c; also see Figure 3-2e) and eye

power (t50=28 days, Figure 3-2d; also see Figure 3-2¢).

Pupil radius (Figure 3-3a) initially increases rapidly with age and then levels off. EB
and LRB decrease approximately exponentially with age (Figure 3-3b and c) to minimum
values of about 3.4 arcmins and 8.2 microns, respectively, well above the blur radius at
the diffraction limit. After day 35, MOR and EB remain almost constant as the eye

continues to grow, LRB increases slowly.
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Figure 3-2 Optical parameters vary with age including (a) MOR, (b) optical axial length, (c) dioptric length, (d) eye power,

and (e) fits for dioptric length and eye power from (c) and (d).
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MOR and OAL data were determined from the original papers® ** 4

at each time point and were not corrected for the small eye artefact of
retinoscopy. (a) The dotted curve represents the exponential fit for a subset of the data reported by Irving and colleagues.”® K’ (c) and eye
power (d) were calculated at each data point from OAL (b). The resulting data points and data for MOR (a) and OAL (b) were best fit by

exponential functions, with constants shown in Table 3-1.

Solid curves fit data set 1 (MOR (a) and OAL (b)) and derived quantities (K’ (¢) and eye power (d)) from day 0 to day 75 (before day 15:
red-edged filed circles;*® beginning from day 10: black filled circles).*® Data set 2 from Avila and McFadden® and derived quantities are fit
by dashed curves. For data set 2, different colored symbols represent different methods of calculation: green squares and open blue circles

represent K’ (¢) and power (d) from k' using Eqn. 3-4 or 3-7, respectively. The green squares and blue circles are almost identical in value.

In figure (d), upright pink and inverted red triangles are cross-sectional eye power data reported by Irving and colleagues,*® and by Avila

and McFadden.* The red solid line represents the linear eye power regression reported by Avila and McFadden.*

In figure (e), the plot of power (solid from d) and K’ (solid from c) are truncated at day 40 to make the differences between the curves for

data derived from data set 1 (black curves) and data set 2 (red curves) more visible.
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Table 3-1 Best fit regression functions for optical parameters in Figure 3-2, t is age in days (all p<0.05).

Parameters Dataset 1 Data set 2
(Days 0 to 75, combined data)* * (Days 0 to 15)*
OAL (mm) OAL =7.29 + 10.9 x [1-exp(-0.0115x t)] | OAL = 7.87 x exp(0.0146x t)
Dioptric length (D) K'=97 + 108 x exp(-0.027x t) Eqgn. 3-4 K'=188.8 x exp(-0.0139 x t)
Egn. 3-13 K'=192.5 x exp(-0.0146 x t)
Power of the eye (D) Power = 94 + 105 x exp(-0.025 x t) Eqgn. 3-4 Power = 186.2 x exp(-0.0133 x t)
Eqgn. 3-14 Power = 189.4 - 2.40x t
Pupil Radius (mm)>®*# Radius = 0.92 + 0.30 x [1 - exp(-0.15 x age)];
between days 0 to 35

During days 0 to 15 (Data set 2), OAL can also be fitted with a linear regression; however, the F statistic is better for the exponential fit. Eye
power calculated from k' derived using Eqn. 3-7 is best fit with a linear function as reported for power by Avila and McFadden;* however,
using Eqn. 3-4, the F statistics is better for the exponential fit. The precision with which the values are listed was determined from the

standard deviations.

The best fits to MOR in data set 1 can also be fitted with an exponential function without a constant term as reported by other authors.> *?

Similar to the results reported here, data given up to day 25 by Schaeffel and Howland®® for MOR can be fitted with an exponential

function.
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Figure 3-3 (@) Pupil radius (between days 0 to 35), (b) angular blur radius due to defocus (equivalent blur EB), and (c) blur

radius on the retina due to defocus (linear retinal blur, LRB) as a function of age.

Data for pupil radius as a function of age for control eyes is unpublished data of Kisilak and colleagues (red symbols) taking as part of a
published study®* and Tian and Wildsoet (black symbols)®* which are fitted with an exponential function (Table 3-1). To the best of our

knowledge, pupil radius has not been measured beyond day 35.

Curves for EB and LRB were calculated from the regressions of MOR, eye power and pupil radius using Eqn.s 3-11 and 3-12 (and

assuming the same fit to pupil radius after day 35). Both show approximately exponential decreases with age until after day 35 when LRB

increases slowly.
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3.4 Discussion

3.4.1 Emmetropization

As previously noted for chick® ** *® and young human eyes,* our results show an active
emmetropization which cannot be explained by uniform eye growth. The endpoint of
emmetropiztion has implicitly been assumed to occur when the eye becomes emmetropic.
Our results indicate that emmetropization is complete when MOR is almost constant with a
rate of change very close to zero (Figure 3-4) (which occurs in chick starting from day 35).
At this point, the rates of change of power and K’ are close (Figure 3-4) and the values are
very similar. Angular blur changes litter after day 35 (Figure 3-3b). Linear blur reaches a
minimum value on day 43 (Figure 3-3c). As in the literature,* ** *® rapid emmetropization
occurred during first two weeks of age with the refractive error decreasing from hyperopic to
nearly emmetropic. At the time of emmetropization, the measured MOR in chick has not
reached zero (~1.0 D). Animal studies suggest that emmetropia should be the endpoint of
emmetropization,” and that slightly hyeropic MOR is due to the small eye artefact.®
However, it has also been suggested that the preferred endpoint for refractive development in
humans might be mild hyperopia.'® The small eye artefact® was not corrected and would be
1.3 D if the distance from the vitreous/retinal interface to the photoreceptor layer is 0.135
mm as given by Glickstein and Millodot.*® It might also indicate that the blur due to defocus
is at or below the amount that can be sensed by the retina during emmetropization. At

emmetropization the EB of approximately 4.4 arcmins is very similar to the inter-cone
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spacing of ~3.8 arcmins on day 21 (the last day measured) (unpublished data).'® Prior to day
35 when the eye is emmetropizing, the EB is larger than the inter-cone spacing (e.g. on day

21, EB = 5.8 arcmins, cone spacing is 3.8 arcmins).

An exponential function fits angular blur due to defocus between days 0 and 35. The t50
(17 days) is slightly smaller than, that of angular blur due to higher-order aberrations (HOA)
(22 days).* This similarity suggests either that optical changes during the emmetropization of
defocus blur produce a reduction in blur due to HOA at a similar rate or that both defocus

and HOA blurs emmetropize proportional to EB until EB is reduced sufficiently.*

It is not possible from this data to say which of length or power may be actively responding
to defocus blur. If only the variation in OAL occurred without concurrent power changes, the

eye would become myopic with growth.

If the endpoint of normal emmetropization is mild hyperopia when the retinal blur
decreases to close to the cone spacing, when the treated eye recovers from the induced
myopia, the endpoint might expected to be mild myopia when blur is first matched to the
cone sampling. However, the treated eye recovers to mild hyperopia to match the control eye
(see Chapter 5). This might be due to a homeostatic control mechanism,® or it might be that
the existence of directional signals in the defocus blur of the chick eye (astigmatism, diurnal
fluctuations and higher order aberrations) enables the determination of the sign of defocus (as
originally proposed by Hunter and colleagues; reviewed by Wallman and Winawer).* Given
a myopic defocus, the eye could continue to emmetropize until the amount was just

detectable with opposite sign of defocus.
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Figure 3-4 Dioptric changes (derivatives of MOR, K’ and eye power with respect to

time) as a function of age.

Rates of change of MOR, K’ and eye power are shown as solid, dashed and dotted curves,
respectively.

3.4.2 Eye Growth after Completion of Emmetropization

Beyond the age when emmetropization is complete, the eye continues to grow albeit more
slowly and with indistinguishable rates of change of eye power and dioptric length (Figure 3-
4), and the rate of change in MOR is almost zero. The angular blur on the retina is almost
constant (Figure 3-3b), but the linear blur derived from regressions of MOR, pupil radius,
and eye power suggests that it may increase slowly (Figure 3-3c) in agreement with the
predictions by Hunter and colleagues in an approximately uniformly expanding eye model.*

If this slight increase in LRB is real, it is very likely that the eye may grow approximately
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uniformly after the completion of normal emmetropoization. In support of this, from day 35
onwards, the continuing small decrease in MOR agrees with the prediction of uniform
expansion calculated from OAL increase. Furthermore, it is important to note that the eye
may still emmetropize beyond the age at which normal emmetropiozation is complete®® * if
angular blur is increased by imposed defocus. The increase in LRB seen in normal growth,
after day 35 would be similar to that due to the increase expected if defocus were imposed by
(a mild) treatment. However, an increase in angular blur would only come from defocus not
normal growth, supporting the hypothesis (in the previous section) that angular blur drives

emmetropization.

3.4.3 In vivo Calculated Eye Power with Age

As found here, a decrease in eye power with age (Figure 3-2d) has been previously reported

.43 and others.r However, we show

for chicks by the authors from whom the data was taken
an exponential decrease in power over a large age range. K’ and eye power decrease with
very similar t50s (of 26 days and 28 days, respectively). The small mismatch between their

rates of change gives the rapid exponential decrease in MOR (t50=6.9 days).

We have tested an approximate eye power calculation which could be calculated
longitudinally in living eyes from optical length of the eye and MOR (using justified
approximations in Eqn. 3-8). Our approach is in contrast to most previous work where eye
power was calculated from cross-sectional measurements of corneal and crystalline lens
curvatures and ocular component thicknesses,* " a procedure that introduces multiple

additive uncertainties (as discussed by Rozema and colleagues).*
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The values from our approximate eye power calculation (using Eqn. 3-8) is very close to
the values reported for White Rock cross chicks,* differing by a maximum of 2.7% on day
14. Our values are less than 7.5% larger for the White Leghorn, sub-strain Ross 308* than
the eye power data originally reported. The effect of freezing the eye in their studies may
explain some of our difference from Avila and McFadden’s result.*® A further difference
likely arises from the equivalent refractive index of the crystalline lens, which they adjusted
so that the paraxial focus was located on the photoreceptor plane whereas our method does
not constrain the focal point.

107 customized the A and B constants in Bennett’s

Recently, Iribarren and colleagues
equation'®” for chick eyes,” which could be used to determine eye power. When the eye
power is calculated, it is less than 7% smaller than our calculated eye power using different
literature data.* ** If we use the same literature data,” the differences are less than 0.5%,

suggesting that our calculation is consistent within measurement error.

3.4.4 Assumptions in the Eye Power Calculation

There are two assumptions made in our derivation of eye power. One assumption is that the

ratio, y (Eqn. 3-6), is approximately constant with age. Secondly, we assume that in a

normally growing eye, the nodal point to retina distance (N'R’) is very close to the posterior

nodal distance.*

For the first assumption, up to two weeks of age, literature data on chicks do not show an

age dependence (p>0.05) in vy, and gives a mean of 0.66 for normal White Rock cross* and
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White Leghorn, sub-strain Ross 308% chicks. For older chicks (beyond day 15), Schaeffel
and Howland® reported an approximately constant ratio of 0.63 “within various age groups”
(when discussing birds aged from day 14 to 86). However a value of 0.66 without an
intercept fits Schaeffel and Howland’s* data well. If the eye powers of different strains were
calculated with differing values of y, they would differ by less than 6.1%. The predicted
trends of the optical parameters are not sensitive to the ratio value. Therefore, a constant
¥=0.66 is a good approximation. For the second assumption that F'R’ is small, the distance

between F’ to R’ is less than 2.6% of OAL on day 0 when the hyperopic defocus and F'R’ are
at their maxima, giving a change in eye power value of 1.7% compared to an exact

calculation.®

Data from Avila and McFadden® were used to test the effects of these two assumptions.
The difference in eye power values between the exact calculation (Eqn. 3-4) of k’ and the
calculation with the two assumptions (Eqn. 3-8) is less than 2% which supports the

assumptions made.

3.4.5 Advantages of the Proposed Eye Power Calculation

There are two major advantages of the proposed eye power calculation. Firstly, it only
requires eye length and MOR which can be accurately measured in vivo in awake birds
without cycloplegia or anesthetic. Results are affected less than by combining larger numbers

107

of measurements as in the in vivo Bennett methods,™ which requires additional keratometry

and lens thickness measurements. Similar to retinoscopy, keratometry in the chick eye faces
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the challenge of accommodation by the cornea. Lens thickness is quite difficult to measure
within alert birds using ultrasound. If anesthesia is applied, lid retractors will potentially

affect image quality.®

Secondly, our proposed eye power calculation is not dependent on assumptions made to
simplify the complex refractive index profile of the crystalline lens, which in turn will affect
the power values. The equivalent refractive index of the chick lens has been reported to

change with age'”’

and varies between reports from 1.395 to 1.486.% “*** However, the only
refractive index needed for our eye power calculation is the vitreous, with a consistent value

reported in the literature.*> *

3.4.6 Limitations of ex vivo Eye Power Calculation and Effects of the Small Eye

Artefact

As well as the in vivo methods discussed in the previous section, eye power can be derived
from ex vivo cornea and lens powers, using dimensions and refractive indices as in schematic
eye models.* “* > 1% Corneal power can be calculated based on corneal radius or corneal
curvature, which if not taken from in vivo measurements (of corneal curvature), can be
measured in frozen sections (for corneal radius).” The calculation of lens power, based on
Gullstrand’s lens formula requires knowledge of lens surface curvatures often acquired from
frozen sections.® “** ' However, lens thickness and radii of curvatures changes with
freezing® ** and needs to be corrected.” In addition, instead of considering the gradient
refractive index of the lens, schematic eye models usually assume a constant equivalent

refractive index. A distribution of refractive index in the lens has also been inferred by
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measuring the lens between prisms.” Equivalent refractive index has been determined
through modeling to match the measured dimensions with refractive errors®* or from focal

length measurements of the isolated lens.***

Modeling requires information on refractive error, and an assumption as to what surface
light is reflected from during refractive error measurement.® The small eye artefact in which
the reflection originates anterior to the photoreceptors remains controversial in the chick
eye.* * Avila and McFadden®** calculated the lens refractive index apparently assuming that
light is reflected from the photoreceptor layer. As a result, they would calculate a smaller
refractive index than for a focus at the front of the retina, leading to a lower reported eye
power. Irving and colleagues® measured the equivalent refractive index of the isolated lens

and from this calculated a small eye artefact for the chick.

3.4.7 Differences between Strains

Despite the potential differences in body weight® " between the different strains from
which data were taken (some birds are bred as commercial layers;* *> 2 and some are bred
as broilers),® it has been reported that there is little variation in ocular development.®

However, we found some potential strain differences.

MOR for all birds shows a rapid exponential decrease during emmetropization with
differences between the data sets in the absolute values.* *** In Figure 3-2a, we combined
MOR data for White Rock cross chicks up to and including day 14* and from day 10

onwards for Cornell-K chicks.*® MOR data from the two strains are consistent, and can be
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fitted with a single exponential function. On average, MOR data for White Leghorn layers,
sub-strain Ross 308% are systematically less hyperopic (open circles in Figure 3-2a) than
White Ross cross (broilers)*® and White Leghorn layers, sub-strain Cornell K chicks® with
differing exponential fits. However, the standard deviations of the data points overlap on

days 0 and 15.

111 Nevertheless, the standard deviation

Broilers tend to grow faster than commercial layers.
of pupil size for Ross Ross chicks overlaps with that for White Leghorn chicks* on day 14
and the two data sets can be pooled and fitted significantly with a single exponential

function.

3.5 Conclusions

An eye power calculation from optical length and MOR, longitudinally in living eyes is
tested, which has the potential to diminish the multiple additive uncertainties obtained during
cross-sectional measurements. In the long term, it may be possible to extend this calculation
to myopic eyes by taking into consideration the distance from the second focal point to the

photoreceptor layer, which can be calculated from MOR.

During normal emmetropization, covering a longer observation period (beyond two weeks
of age), MOR decreased exponentially, as was found during the shorter period range of first
two weeks. This rapid exponential decrease in MOR in normal growth comes from a small

mismatch between the rates of change of optical power and dioptric length. The completion
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of emmetropization can be defined as the point at which the rate of changes in MOR and
angular blur approach zero, at which point MOR s slightly hyperopic. This is followed by
slower growth with a gradual decrease in the rates of change in ocular parameters (e.g., pupil
radius, length and power). The constant angular blur and slightly increasing linear blur
suggest the eye growth might be relatively uniformly after completion of emmetropization.
Emmetropization appears to be driven by values of angular blur which are above the level of
the cone photoreceptor resolution during emmetropization, reaching a level when its radius

of angular blur is similar to cone spacing at the completion of emmetropization.
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Chapter 4
Powers and Eye Length during Emmetropization and their

Relationship to Retinal Blur in the Chick Eye

This chapter is currently being modified for submission to a journal.

The co-author is Dr. Melanie Campbell. Detailed declaration of contributions is as follows:

Dr. Campbell and Kisilak had previously developed, in collaboration with Dr. Jennifer Hunter,
the image metrics (equivalent blur and linear retinal blur) used in this chapter. The idea for the
chapter, to compare the rates of change of ocular properties to retinal blur was developed jointly
by Dr. Campbel and the author of the thesis. The author of the thesis decided to analyze the
contributions of cornea and lens powers to emmetropization in chick, developed the methodology

for this and compared it to findings for human.

The author of the thesis plotted the rate of change in optical parameters as a function of
either equivalent or linear retinal blur due to defocus based on the results in Chapter 3. To better
compare the relationship between eye power and length, the author of the thesis analyzed power
component data from the literature for the same experimental period as the data in Chapter 3.
The author of the thesis obtained corneal radius data from the literature and calculated corneal
power. Also, the author of the thesis applied the customized version of Bennett’s equation for the
chick eyes (published by Iribarren). The author of the thesis postulated possible new mechanism
for emmetropization. The author of the thesis wrote up the manuscript after discussion with Dr.
Campbell about interpretation of data and figures, the importance of equivalent blur guiding
emmetropization, and the possible relationships between optical axial length, corneal radius and
lens power based on common signaling control. Dr. Campbell provided critical revision of and

polished the article.

This research is supported by the Natural Sciences and Engineering Research Council
(NSERC).
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ABSTRACT

PURPOSE: Emmetropization is an active process involving feedback from the retina. To
examine changes in ocular properties during emmetropization in the normal chick eye and
which changes are proportional to retinal blur due to defocus to better understand the

feedback loops in emmetropization.

METHODS: Mean ocular refraction (MOR), dioptric length (K'), and eye power and their
rates of change were taken from previous work (Chapter 3) and were plotted as a function of
MOR, rate of change in optical axial length (OAL; anterior cornea to anterior retina) and
angular and linear retinal blurs due to defocus (EB and LRB). The relationships of literature
values of corneal radius, corneal and lens powers to other ocular parameters and retinal blurs

were examined during and after emmetropization.

RESULTS: As emmetropiozation proceeds, rate of change in MOR, which linearly varies
with MOR and retinal blurs (EB and LRB), decreases exponentially with age and OAL.
During emmetropization, rate of change in OAL decreases linearly with MOR (p=0.007),
rate of change in MOR (p<0.0001) as well as with decreasing retinal blurs (EB p=0.009 and
LRB p=0.03). Similarly, during emmetropoization, the rate of increase in corneal radius
varies linearly with retinal blurs (EB p=0.009 and LRB p=0.02); the rate of change in lens
power is proportional to the rate of change in OAL, MOR, rate of change in MOR and retinal

blurs (p<0.0001). After emmetropization, the above relationships change.

CONCLUSIONS: Emmetropization appears to be actively driven by angular blur due to

defocus, causing proportional changes in OAL, corneal radius, and lens power which vary in
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an almost linear fashion with EB. This in turn causes a linear change with MOR and its rate

of change.

Keywords  Ocular development « Emmetropizatoin « Power ¢ Chick « Growth
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4.1 Introduction

Refractive error occurs when the optics of the eye is unable to focus distance object onto the
photoreceptor layer without accommodation. Emmetropization is the process when after birth
hyperopic refractive errors gradually reduce in magnitude with a dramatic decrease in their
variability,® resulting from a combination of both passive and active processes.> '™ % It is
known that passive emmetropization, occurring because proportional enlargement of the eye
reduces the power of the dioptric system, is insufficient to account for the refractive changes
observed.’ % Alternately, emmetropization is an active, vision-dependent growth-regulation
mechanism* involving a retinal mediated™ ® visual guidance of ocular growth. We have
postulated that regulation occurs through the processing of defocus blur on the retina.'®

However, the precise mechanisms coordinating the structural and optical development of the

eye during the time course of emmetropization are not understood.

In human infants, that the change in axial length growth over a period of time is larger with
a larger initial hyperopic MOR (mean sphere or mean ocular refraction) is a key factor during
emmetropization. Axial length changes are thought to be important,”® but reductions in the
power in cornea and crystalline lens have been reported as insignificant factors.*® Studies in
children beyond the endpoint of emmetropization around age 6 show that axial length
continues to increase, and corneal power continues to change slowly,*** ***> but changes in the
crystalline lens, for example lens thickening and decrease in power,” ** ™ ™ being
proportional to axial elongation, are potentially important for the determination of final

refractive state. According to Morgan and colleagues, the detailed process of the control in
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the reduction of lens power has so far not been studied experimentally.” Therefore,
understanding how a balance between optical parameter and eye length develops could

enable a better understanding of the mechanisms which drive/control emmetropization.

The chick eye is a popular model to study normal emmetropization and refractive error
development, 0 43455258 Recently, Avila and McFadden® proposed that emmetropization in
chick is potentially the result of rapid growth of the lens of the eye and inhibition/inactivity
in ocular growth, followed by ocular growth which stabilized the refractive error. In other
words, the relationships between eye length and powers (of cornea and lens) result in the
decrease in refractive error. Previously (in Chapter 3), we defined the endpoint of
emmetropization (between day 30 and 35) as when the rate of change in the refractive error
becomes very small, and the refraction is almost stable.™** At the same time angular blur due
to defocus (EB) stabilizes, suggesting that EB might be actively contributing to
emmetropization.'* Here, we examine changes in ocular properties during emmetropization
in normal chick eyes using literature data,* ** including unpublished data from our lab® to

determine which changes are proportional to the retinal blur due to defocus.

4.2 Methods

Literature values of chicken eye length and measurements of eye defocus, MOR, were
used.”* Eye power was previously calculated from the MOR and optical axial length (OAL;

anterior cornea to anterior retina) using a novel method (Chapter 3)."* OAL, dioptric length
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(K"), and angular and linear blurs on the retina (EB and LRB) were also taken from previous

work (Chapter 3)."** They were based on literature data.** *>°> %

Corneal radius data for birds on days 0, 2, 7, 8, 13, and 14, measured by ophthalmometer
without anesthesia, were taken from the original figures in the papers, and for birds on days
14, 35, 42, and 75,” measured by photokeratometry, were determined from the regressions as
reported.* Corneal power was derived from the corneal radius of curvature® * by
considering a single surface corneal model* with an aqueous refractive index of 1.335.% “® In
addition, lens power were calculated using the customized Bennett equation for chicks®
(which calculates lens power from as the final factor which determines the eye’s refractive
error, given all other ocular dimensions) using literature data.*® ** *> Optical parameters
involved in the calculation [including corneal radius (CR), anterior chamber depth (ACD),
lens thickness (LT), vitreous chamber depth (VCD), anterior and posterior lens radii, and
OAL] for days 0, 7, and 14 were given in Irving and colleagues,® and for days 14, 35, 42,
and 75 were extrapolated from figures and regressions.*> ** As indicated by Iribarren and
colleagues,® when dimensional data were all obtained within frozen sections, lens radii,
ACD, LT, and VCD were corrected for lens freezing. Note that no corrections® for the
dimensions and lens radii were performed here for the data by Irving and colleagues,® since
they reported ultrasound measurements for ACD, LT, and VCD, in contrast to Schaeffel and
Howland.”® However, corrections of lens radii only affect the total lens power by less than

0.1D.
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To study the covariance of ocular parameters and their relationships to retinal blurs during
normal growth, the fits for optical parameters (MOR, OAL, K’, and eye power) and their
rates of change (derivatives as a function of age), as well as retinal blurs (EB or LRB) due to
defocus (taken from Chapter 3), as a function of age were sampled on each day. Rates of
change in optical parameters were then plotted as a function of other parameters or retinal
blurs. Corneal radius, corneal power and lens power were plotted and fitted as a function of
age; rates of change in these parameters were plotted as a function of age, retinal blurs, and

rate of change in OAL.

Paired values of the rates of change in OAL and corneal radius at the time points (on days
0,2,7,14, 15, 35, 42, and 75), at which MOR, pupil radius, and OAL were measured, were

fitted with a linear function of various parameters or retinal blurs.

4.3 Results

Rates of change in MOR as well as K’ and eye power decrease nonlinearly in magnitude as
emmetropization proceeds (Figure 4-1) with age*® (Figure 4-1a). During emmetropoization,
rate of change in MOR is proportional to MOR (Figure 4-1b) and also to EB (Figure 4-1c;
p<0.0001) and LRB (Figure 4-1d; all p<0.0001). Rate of change in MOR reaches to a stable
rate of almost zero at about days 30 to 35. We have previously defined this as the time when

emmetropization is complete."® After this time, rates of change in K’ and eye power are
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almost identical (Figure 4-1a). Rates of decrease in MOR, K’ and eye power all decrease

nonlinearly with decreasing rate of change in OAL (Figure 4-1e).

With age, OAL increases more slowly (Figure 4-2). Curves are the derivative of OAL
regression with respect to age, obtained in Chapter 3, versus other properties over the full
time course (Figure 4-2). Within the first 30 days, linear fits were performed to these curves.
Values of the rate of change in OAL were fitted as a function of MOR, EB and LRB at the
same times, calculated from the experimental measured values on days 0, 2, 7, 14 and 15.
The decrease in the rate of change in OAL was found to be linearly related to the decreasing
MOR (p=0.007, Figure 4-2a), EB (p=0.009, Figure 4-2c) and LRB (p=0.025, Figure 4-2d)
until emmetropization is complete. The rate of change in OAL decreases approximately
linearly with the rate of change in MOR, but only until day 30 (p<0.0001, Figure 4-2b). After
day 35, different relationships were seen, including a different slope for the rate of change in

OAL with MOR (p=0.02, Figure 4-2a).
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Figure 4-1 Rates of change in (derivatives with respect to time of) MOR, K’ and eye power as a function of: (a) age, (b) MOR,

(c) EB, (d) LRB, and (e) rate of change in OAL.

Rates of change of MOR, K’ and eye power are shown as solid, dashed and dotted curves, respectively. Arrows indicate the age on curves.
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Figure 4-2 Rate of change in OAL as a function of (a) MOR, (b) rate of change in

MOR, (c) EB, and (d) LRB.

The paired values are the rate of change in OAL with MOR (a), EB (c) and LRB (d) at the time points
at which MOR,** pupil radius,** ®* and OAL* * were measured.

The curves come from the fit to MOR as a function of age, calculated EB and LRB, and the
derivatives of the fits to OAL and MOR in Chapter 3, sampled at each day. OAL and MOR were
taken from regressions to literature data as a function of age; their rates of change are the derivatives
of the regressions. Arrows indicate the age on the solid black curve.

Red solid line is the fit to the curve between days 0 and 30. Red dashed line is the fit to the points on
days 0, 2, 7, 14 and 15 (a, ¢ and d). The first open circles represents values on day 35, and the other
two are days 42 and 75. Black dashed line is the fit to the points after day 35 (a); the fits in (c) and (d)
are not significant. The paired values were determined from the derivative of the fit to OAL as a

function of age in the previous paper (Chapter 3).**
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Corneal radius increases exponentially (Table 4-1 and Figure 4-3a) with age. Optical axial
length to corneal radius ratio (OAL/CR) increases linearly with age from 2.6150 to 2.9402
with a slope of 0.0043/day (p=0.0003) (Figure 4-3b). During emmetropoization (up to day
15), the rate of change in corneal radius varies linearly with both EB (p=0.009, Figure 4-4a)
and LRB (p=0.02, Figure 4-4b). After emmetropization, there tends to be a different
relationship between the rates of change in corneal radius and retinal blurs, but the slopes to
the few data points are not significant. The linear relationship between rates of change in
corneal radius and OAL exists both during and after emmetropization (Figure 4-3c,

p<0.0001, r? =0.9967).

Table 4-1 Regression functions and associated coefficients that describe the

development of cornea and lens; t is age in days (all p<0.0003).

Parameters Days 0 to 75" %

Corneal radius (mm) Cornea radius = 2.80 + 2.50 x [1 - exp(-0.018 x t)]
Corneal power (D) Corneal power = 67 + 52 x exp(-0.030 x t)

Lens power (D) Lens power = 93 —1.00 x t + 0.0061x t °

The lens power can also be fitted with an exponential function; however the F statistic is better for the

polynomial.
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Figure 4-3 (a) Corneal radius (CR) and (b) optical axial length to corneal radius ratio

(OAL/CR) as a function of age.

Corneal radius (a) and OAL/CR ratio (b) before and including day 14* are red-filled squares and

from day 14 onwards are black squares.*

Corneal radius was fitted with an exponential function with age (p<0.0001). OAL/CR ratio was fitted

with a linear function with age (p=0.0003).
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Figure 4-4 Rate of change in corneal radius as a function of (a) EB, (b) LRB, and (c)

rate of change in OAL.

The paired values are the rate of change in corneal radius with EB (a) and LRB (b) at the time points

at which MOR,** pupil radius,** ®* and OAL* * were measured.

Black curves come from the derivative of the fit to corneal radius as a function of age, sampled at
each day versus EB and LRB as a function of age (from Chapter 3) ((a) and (b)) and the derivative of
the fit to OAL (c). In (a) and (b), red solid line is the fit to the curve between days 0 and 30; and the
red dashed line is the fit to the closed-square points before and including day 15. In (c), red and blue
solid lines are the fit to the curve before day 30 and after day 35, respectively; turquoise dotted line is

the fit to the overall curve. All three fits are similar and overlay the original black curve.
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Figure 4-5 Corneal power and lens power as a function of age.

Corneal power (closed squares; dashed curve) was calculated and fitted with an exponential function
with age (p<0.0001; Table 4-1).

Lens power (open squares) was calculated. The data is fitted with polynomials with age (dotted curve;
p=0.0002; Table 4-1).

Both corneal power and lens power decrease with age (Figure 4-5). The rates of change in
total eye power, corneal power and lens power all become less negative with age (Figure 4-
6a). During emmetropization, the rate of change in corneal power is bigger than that in the
lens power lens power between days 0 and 30. Meanwhile, the rate of change in lens power
is almost linearly proportional to MOR (Figure 4-6b, p<0.0001, r?=0.8625), rate of change in
MOR (Figure 4-6¢), and both angular (Figure 4-6d, p<0.0001, r?=0.9171) and linear (Figure
4-6e, p<0.0001, r?=0.9303) blurs between days 0 and 30, and the rate of change in OAL

(Figure 4-6f) over the whole time. The rate of change of cornea power is linear with blur and
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linear with the rate of change of OAL up to about day 25. After the emmetropization is
complete (after day 30 or 35), the rates of change in corneal and lens power become very
similar. Later (around day 60), both rate of change in corneal and lens powers become nearly

zero (Figure 4-6).
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Figure 4-6 Rates of change in eye power, corneal and lens powers as a function of (a) age; rates of change in corneal and lens

powers as a function of (b) MOR, (c) rate of change in MOR, (d) EB, (e) LRB, and (f) rate of change in OAL.

Rates of change of eye power, corneal power and lens power are shown as black solid, dashed and dotted curves, respectively. Red solid lines are
the linear fits for the rate of change in lens power versus different parameters between days 0 and 30 (b to e). In (f), red and blue solid lines are fit

to the curve before day 30 and after day 35, respectively; the turquoise line is the fit to the overall curve. All linear fits overlap and overlay with the

data (dotted curve).
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4.4 Discussion

4.4.1 Blurs on the Retina

Retinal image quality represented by EB and LRB, due to both higher-order aberrations
(HOA)™ ** and defocus,*® improves during emmetropization. The times for a 50% change,
t50s, for EB due to defocus and higher-order aberrations are 17 and 22 days, respectively.
Therefore, overall angular and linear blurs in chick decrease with age during
emmetropization.’> We have hypothesized that blur on the retina is the initial signal to
emmetropization.’® As retinal blurs due to MOR are believed to stimulate molecular signals
which in turn modulate eye growth,®® we examined the relationship of the optical parameters
to angular and linear blurs (Figure 4-1c and d; Figure 4-2c and d; Figure 4-4a and b; and

Figure 4-6d and e).

As previously shown,™® during emmetropization, MOR, angular and linear blurs (EB and
LRB) decrease with age until the endpoint of emmetropization around day 30 to 35" when
MOR and EB become relatively constant. Consistent with theories of active
emmetropization,> ** we find the change in MOR is proportional to MOR (Figure 4-1b),
resulting from the exponential dependence of MOR on time. However, because the size of

the blur on the retina is dominated by its dependence on MOR:*
EB = MOR X, 3-11

a linear relationship between EB and MOR, is due to the relatively smaller percentage

change in pupil size (24%) between days 0 and 35 compared to MOR (84%). This produces a
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rate of change in MOR in proportional to EB (Figure 4-1c), the angular blur on the retina. In
turn, the rate of change of MOR is almost linear with linear retina blur (LRB) because eye

power varies less rapidly than MOR,

IMOR| X r 3-12

LRB =
Fe

The t50’s of EB and LRB are 17 days and 23 days, respectively. They are not very different

as expected.

We previously reported evidence that angular blur (EB) actively controls
emmetropization.’*® In this case, the angular or the linear blur would be expected to be linked
to optical parameter changes. During emmetropization (between days 0 and 15), a linear
relationship was found between the rate of change in OAL with either EB (p=0.009,
r2=0.8499, Figure 4-2c) or LRB (p=0.025, r2=0.7526, Figure 4-2d), of which EB shows the
stronger linear relationship. These observations support that emmetropization is driven by an
active response of the retina,* *® to angular blur due to defocus. The linear proportionality of
the rate of change of OAL to retinal blur suggests that a signaling molecule produces a rate
of eye lengthening which increases proportionally to the amount of retinal blur. Previously it
has been postulated to be proportional to MOR in lens-induced myopia,® but we hypothesis

that the mechanism of the response involves retinal blur.

Similar linearity can be observed between the rate of change in cornea radius with either
EB (Figure 4-4a, p=0.009, r?=0.8536) or LRB (Figure 4-4b, p=0.024, r?=0.7568) during

emmetropization, also with EB having a stronger relationship.
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4.4.2 Mechanisms of Growth during Emmetropization

4.4.2.1 Passive Emmetropization

It is known that a scaled model of uniform ocular expansion approximately predicts the
changing paraxial properties in chicks but is insufficient to predict the actual rapid decrease
in MOR and aberration blurs on the retina."? For example, when the data are fit to the same
type of exponential function between days 0 to 35, K’ and eye power have similar t50s of 61

113

days and 65 days, respectively,”” similar to that for lens power (t50=67 days), slightly
smaller than that for corneal power (t50=71 days). But all are much slower than the rate of
change in MOR (t50=12 days) which arises due to the small difference in the t50’s of K’ and
eye power (see Chapter 3). For dimensions, between days 0 and 35, the time needed for OAL
to change by 50% (t50=34 days) is similar to that for focal length (t50=38 days), but
somewhat smaller than that for corneal radius of curvature (t50=43 days) as expected. OAL
increases by 22% between days 0 and 14, with a percentage change in focal length (19%) and
pupil size (28%) giving a relatively small variation of the f-number (around 8%).'* Therefore,
a model of uniform ocular expansion is a good initial approximation of paraxial power,
cornea, and K’ changes during normal growth.*” Additional small differences in the rates of

change of component powers and K’ are responsible for active emmetropization beyond the

effects of uniform scaling (see the following section).
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4.4.2.2 Active Emmetropization

EB on the retina appears to modulate the rate of change of eye length which is in turn
connected to the rates of change of cornea and crystalline lens power. The linear relationship
between the rate of change in OAL with angular blur is the strongest support of an active
mechanism during emmetropization as this implies that the OAL changes at a rate
proportional to the angular blur on the retina (EB) until the EB approaches the spacing of the
cones (Chapter 3), at which point the rate of change of OAL decreases rapidly, and EB is
almost constant. The rate of the eye’s elongation (representing as the rate of change in OAL)
was also found to be almost linear with MOR (Figure 4-2a) and the rate of change in MOR
(Figure 4-2b) during emmetropization (between days 0 and 30) in chick eyes, a result similar
to human eyes, measured by Mutti and colleagues and argued to represent active

emmetropization.*

The linear relationships between the rates of change of corneal radius and OAL with EB
suggests a connection between changes in corneal radius and OAL which are very
significantly linearly dependent (Figure 4-3c) both during and after emmetropization. Thus,
corneal growth (anterior chamber) could be passively connected to growth of OAL (posterior
chamber) through the common equator giving ocular expansion, driven by the rate of change
of OAL or the connection could be active. The growth rate of the cornea is less than that of
the OAL (Figure 4-4c) and the relative growth rates also differ somewhat (Figure 4-7c),

leading to the small change observed in OAL/CR ratio with age (Figure 4-2b).
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In addition, the rate of loss of lens power varies proportionally with EB (p<0.0001,
r2 =0.9171, Figure 4-6d) and LRB (p<0.0001, r?=0.9303, Figure 4-6e) during
emmetropization. This might be due to its linear relationship with the rate of change in OAL
(Figure 4-6f) which persists even after emmetropization and OAL’s linear proportionality to
EB. Alternatively, it is possible that angular blur actively regulates the change in OAL,
corneal radius and lens power through common signaling molecules, so that the changes in
OAL, corneal radius, and lens power are linked (with linear covariances) during
emmetropization. The link after emmetropization is complete might either indicate a
persistence of a signal which decays over time or a lens response to molecules released

which promote continued growth but which are not modulated by retinal blur.

Because eye length and eye power contribute to the decrease in MOR, the following

relationship holds:

AMOR _ AK’ 4-1
AOAL ~ AOAL

A(Corneal power) A(Lens power)
AOAL AOAL

A [% X (Corneal power) X (Lens power)]
AOAL |

The change in MOR per unit of OAL elongation is the result of dioptric length, corneal
power and lens power changes, also the change in the interaction term, per unit of OAL

change. The net emmetropization from an initial hyperopic refraction results in a negative
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term on the left hand side of the equation which results because of the faster change in K’
with respect to OAL than the total eye power (the sum of the final three terms) (Chapter 3).
We could also derive these relationships by considering the change of each as a function of
the change in OAL (Figure 4-1e and Figure 4-6f). For instance, between days 0 and 1, 1 mm
increase in OAL is associated with a -4.2 D total change in MOR; a -24 D, -12.6 D, and -8.3
D change in dioptric length, corneal power and lens power, respectively, which means that
the third term in the square brackets decreases 1.1 D per mm of OAL change. Thus as
discussed previously (Chapter 3), emmetropization occurs because the change in K’ (24 D) is
larger than the change in power (19.8 D). Between days 14 and 15, and days 30 and 31, as
emmetropization proceeds, a 1 mm increase in OAL is associated with a smaller change in
MOR of -1.1 D and -0.2 D, respectively; similar decreases in the rate of change is seen in K’
(Figure 4-1e) and corneal and lens powers (Figure 4-6f), but with a smaller difference in K’
and power terms (Table 4-2). The power components’ contributions are smaller, but very

important in terms of reducing the contribution of K', which gives the emmetropization.
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Table 4-2 Change in optical parameters due to per unit of OAL elongation at three

time points

Change in Optical AMOR / .
Parameters (D/mm) AK"  A(Corneal power) A(Lens power) Interaction

at Different Time AOAL AOAL AOAL AOAL term

Between days 0
and 1

Between days 14
and 15

Between days 30
and 31

The interaction term is the final term in Eqgn. 4-1.

As is well known, the rate of emmetropization is larger than it would be with passive
scaling of the eye over time.*> *®® In human, it is found to be proportional to the change in
OAL." Changes in corneal and lens power were also found to be proportional to the change
in OAL." Here in the chick eye, lens power is smaller than corneal power, but the relative
rate of change in lens power was found to vary linearly with the relative change in K’ with a
slope not significantly different from 1.0 (Figure 4-7a), significantly larger than the relative
change in corneal power (0.85, Figure 4-7b). In agreement with this, the corneal radius
changes proportionally with the change in OAL with a slope of 0.74, significantly smaller
than 1.0 (Figure 4-7c). Thus the rate of emmetropization, faster than in uniform expansion,

arises primarily because the cornea changes more slowly than in a uniformly expanding eye.
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Figure 4-7 Relative changes in (a) lens power and (b) corneal power as a function of

relative change in K'. (¢) Relative change in corneal radius as a function of relative

change in OAL.
The black curves come from the fits to lens and corneal power, corneal radius and OAL as a function
of age, sampled at each day. Arrows indicate the age on the solid black curve.
Red and blue solid lines are the fit to the curve before day 30 and after day 35, respectively;
turquoise dotted line is the fit to the overall curve. All three fits are similar and overlay the original
black curves. The slopes over the whole range are 1.00, 0.85, and 0.74 in (a), (b), and (c),

respectively.
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4.4.2.2.1 Corneal Radius and OAL with EB

Like the rates of change of OAL, the rate of change of corneal radius is also proportional to
the blur on the retina during emmetropization, suggesting a similar response to active
signaling by the retina, likely involving a signaling molecule. The retina, being the
sensorimotor apparatus, might be able to start the signal process from the amacrine cells and
control the eye growth through an alternation of dopamine production/concentration or a
change in ZENK mRNA expression, two molecular impacts that had been seen in refractive
error experiments in chicks, resulting in modulation of the choroid and sclera.®® Considered
the reciprocal nature between melatonin and dopamine due to diurnal variation, the fact that a
melatonin receptor subtype has been revealed in the chick cornea and retina might link the
alternation of the growth of the cornea and axial length during normal development.*®

117

Similar dopamine control has been seen to change lens optical power in the fish eye,* which

suggests a link between lens and OAL as well (see Section 4.4.2.2.2).

Considering the likelihood of a relationship between changes in OAL and corneal radius
during growth, we first explore the changes in cornea. The linear relationship between the
rate of change in corneal radius and angular blur may arise from the linear relationship
between rates of change in corneal radius and OAL. The rate of change in corneal radius has
a highly significant linear variation with rate of change of OAL both before and after the
completion of emmetropization (p<0.0001, Figure 4-3c). That their linearity persists after
emmetropization is complete when their responses are no longer proportional to retinal blur

suggests a linked expansion of both the anterior and posterior chambers. In agreement with
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this, the linear regression of OAL/CR ratio indicates a small increase with age, which differs
slightly from what was reported by Iribarren and colleagues® using data from day 10 data
onwards (originally reported by Schaeffel and Howland),* likely due to their lack of points

before day 20.

4.4.2.2.2 Lens Power and OAL with EB

The rate of elongation of OAL (dotted curve in Figure 4-6f) has an almost linear relationship
with the loss of lens power both before and after emmetropization (p<0.0001), over a range
that extends beyond the linearly between loss of lens power and retinal blurs. The relative
changes in OAL and lens power are also linearly related both before and after
emmetropization. In addition, the relative change in lens power suggests a uniform expansion
corresponding to the elongation of the eye, giving a slope of 1.0 with respect to the relative
change in K’ (Figure 4-7a). Therefore, there might be a possible relationship between lens
power and the rate of change in OAL in the sense that they could be mutually coordinated
during and after emmetropization.

In human, equatorial stretch in the crystalline lens might be a factor relating axial length to
the absolute decrease in the power of the lens, a theory originally proposed by van Alphen.'®
In human, loss of lens power has been found in parallel to the axial elongation progress
during development.*® However, in chick, we saw no evidence of lens thinning (Chapter 5)

and our calculated lens power decreases consistent with uniform expansion during normal

development.
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A response to an active signal originating in the retina, likely involving a signaling
molecule might also alter the crystalline lens. While the OAL increases during
emmetropization in a way to minimize the angular blur, the lens has optical plasticity in the
regulatory processes optimizing visual function,’ the optics of the lens is potentially
influenced by released neuroactive substances from the dopaminergic system in the retina'®
— a possible mechanism that might explain the simultaneous linearity in the loss of lens
power with both retinal blur due to defocus and the rate of change in OAL during
emmetropization. As in the case of the cornea, we postulate the continuing presence of a
lower level of signaling molecules during growth beyond the completion of emmetropization.
Visual input seems to play an important role in the development of the lens (as seen in the

fish eye),"” and dopamine has been seen to change the lens optical power.**’

One possible
result of molecular signals originating at the retina might be a fast and accurate change in the

refractive index distribution within the lens and thus a change in the lens power.

4.4.3 After Emmetropization

After emmetropization is complete around day 35, OAL lengthens more slowly, resulting in
changes in K'. Eye power changes similarly to K’ to maintain a small EB (Figure 4-1c), and
LRB may increase slightly (Figure 4-1d). A linear relationship of the rate of change in OAL
with EB is no longer observed (Figure 4-2c). The continuing proportional relationships
between the rate of change in corneal radius and loss of lens power with the rate of change in
OAL suggest that growth of these elements remains linked after emmetropization is

complete, maintaining a constant EB.
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4.4.4 Comparisons with Human Eyes

In chick, corneal and lens powers decrease with the increase in OAL during
emmetropization. Also, the rate of change in OAL is proportional to MOR, rate of change in
MOR, as well as angular and linear retinal blurs (EB and LRB), supporting the active
emmetropization mechanism. Similarly, in human, when substantial emmetropization occurs
between 3 and 9 months of age, Mutti and colleagues'’ concluded that there was active
emmetropoization after reporting a correlation between the reduction in MOR and the initial
MOR. We expect that this relationship arises from the influence of retinal blur (which is
dependent on MOR) on the rates of growth of the ocular components including axial length.

d® 3122 35 we observe here

With an increase in axial length, lens and corneal powers decrease
in chick. We found in chick a rate of loss of lens power, proportional to the increased axial
elongation not only during emmetropization but also after, similar to that found in early
human development.” ¥ In early human development,*® the lens power decreased at a
somewhat faster rate than in uniform expansion to produce a reduction in MOR during
emmetropization but we find, in chick, that lens power is consistent with uniform expansion.

In both human®® and chick eyes, the change in corneal power is slower than predicted by the

uniform expansion.

4.5 Conclusions

Emmetropization is an active process, supported by the observation that angular blur due to

defocus causes proportional rates of change in OAL, corneal radius and lens power until blur
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reduces sufficiently and emmetropization is complete. The results here support that the eye
grows in such a way as to improve angular blur until it is close to cone spacing. Growth
appears to be regulated by a signal whose strength is proportional to angular blur and which
alters the rate of axial elongation. The rates of change of the radius of the cornea and the
power of the lens in turn are proportional to the rate of change of axial elongation throughout
growth. These relationships produce rates of change in MOR with an increase optical axial
length that are very close to the measured rates. The links between rates of change of optical
axial length and cornea radius of curvature and lens power may be via passive mechanisms
or they may relate to a common signaling molecule which could, for example, modify the
refractive index distribution within the crystalline lens. Many of these results are consistent
with findings during emmetropization in children, but here we show that the changes are

actively linked to retinal blur.
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Chapter 5
Eye Power and Dimensions during Lens Induced Myopia (LIM)
and Recovery in the Chick

This chapter is partially based on the abstract by Shao et al., presented in part at the annual
meeting of the Association for Research in Vision and Ophthalmology, Orlando, Florida, May
2014.

The experiment related to this chapter was performed with the assistance of Kisilak and
Bunghardt who advised on experimental methods. Bunghardt guided the author of the thesis with
animal handling while Kisilak controlled the computer for data acquisition of Hartmann-Shack
(H-S) measurements and dimensional measurements using the ACCUTOME A-scan ultrasound.
Dr. Campbell, Bunghardt, Kisilak and the author of the thesis were involved in the choice of A-
scan instrument and discussed its testing. The approach for modifying the calculation of eye
power for eyes with large refractive errors was discussed between Dr. Campbell and the author
of the thesis, the idea of measuring the anterior chamber dimensions and relating these to the

approximations needed in the calculations came from Dr. Campbell.

The author of the thesis selected H-S images before Kisilak helped to analyze the images
using software already developed for the purpose of quantifying refractive error from H-S
patterns. The author of the thesis analyzed the dimensional data and developed selection criteria
for image and peak selection for the ultrasound measurements. The author of the thesis used a
customized program (developed by lan Andrews) which shows a scaled-up view of ultrasound
diagram to obtain dimensional data. The author of the thesis analyzed the data (plotted the
figures, performed t-tests and ANOVA) after excluding data from birds which did not
emmetropize to the negative goggle. Furthermore, the author of the thesis modified the equations
for eye power derived in Chapter 3 so that that they could be applied to myopic eyes with one
assumption of cardinal point position. The author of the thesis tested the eye power variation

under different possible assumptions based on discussions with Dr. Campbell. Dr. Campbell
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provided feedback on the analysis and organization of the chapter and critical revision after the

author of the thesis finished writing the first draft.
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ABSTRACT

PURPOSE. To obtain longitudinal dimensional data during lens-induced myopia (LIM) and
its recovery: optical axial length (OAL), corneal to back lens distance (CBL), lens thickness
(LT), and vitreous chamber depth (VCD); and to discuss possible methods of calculating eye

power and predicting changes in eye power during LIM and its recovery.

METHODS. Six Ross Ross chicks were unilaterally treated with a -15 D goggle from the
day of hatching to day 7 and then it was removed. Measurements continued to day 10.
Retinoscopy estimates, Hartmann-Shack (H-S) measurements and A-scan ultrasound were
performed. Eye power was calculated based on different assumptions. Paired t-tests, linear
fits and ANOVAs were performed to compare treated and control eyes and dimensions on a

given day to the day prior to treatment.

RESULTS. The relative change in the front of the eye is proportional to the relative change
in OAL, with a slope not different from 1 except for a slightly larger slope for treated eyes
during LIM. This experimental finding motivated the assumptions in the eye power
calculation. During LIM, 60% of the emmetropization to the -15 D goggle was established on
day 7, with significant difference in OAL, CBL, LT and VCD between eyes. 57% of OAL
increase between goggled and control eye was due to VCD and 43% to CBL. Eye power in
treated eyes changed similarly to control eyes during LIM but showed significant difference
on day 4 between eyes under various assumptions; one assumption showed additional
significant differences on days 7. Recovery of refractive error occurred rapidly within two

days of goggle removal. One assumption gave a significant difference between eye power on

5-86



day 8. Meanwhile, within treated eyes, OAL and VCD decreased significantly between days
7 and 9, as did eye power by a small amount. Decreases were significant by eye for
assumption 2 and 3. Beyond day 9, there was no significant difference in dimensions or eye

power between eyes.

CONCLUSIONS. The change in VCD is a contributor to emmetropization to hyperopic
defocus; the front of the eye also shows changes. Emmetropization following goggle removal
is more rapid than to the goggle. Changes in curvatures of the ocular surfaces remain to be
assessed in LIM and its recovery in order to determine which eye power calculation is closer

to the reality.

Keywords  Ocular development ¢ Lens-induced myopia (LIM) * Recovery ¢ Chick

Growth
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5.1 Introduction

Studies have confirmed that optically altering visual experience early in life by either
positive or negative lenses can be compensated through changes in eye growth (reviewed by
Wallman and Winawer).® Regulation of eye length during short-term exposure to retinal
image defocus has been recently observed in human, with small but bi-directional optical
axial length (OAL) changes in response to the direction of defocus.®” For long-term exposure
to hyperopic defocus to the retina, animal models of lens-induced myopia (LIM) have been

23 macaque monkeys' and fish.”® Among these

established in chicks,® ** guinea pigs,
animal models, the chick is a popular myopia model because of its rapid ocular growth.
Chick eyes are able to compensate for the widest range of defocus,” and chicks recover from
LIM when the goggle is removed.”* *® The chick eye refocuses defocused images, primarily
via changes in axial elongation,® * ® ® due to an increase in the size of vitreous chamber,*
in order to move the retina plane to the location of the focal plane, determined by the
refractive power of the cornea and lens. Changes in power during LIM are not well studied as
the contributions of optical components remain insignificant (for example corneal power)
due to the huge variability®* or have not been discussed (lens power).* When the lens used to
induce myopia is removed, axial length elongation pauses while the optics of the eye
continues to mature, letting the focal plane gradually move towards the retina in order to

reduce the induced myopia.'?

Much attention has been given to changes in OAL in myopic eyes compared to normal.

However, it has been reported that, in human, for those who develop myopia later in life,

5-88



compensatory optical changes in dimensions, such as in the cornea and the crystalline lens,
likely take place from infancy up to time of myopia onset.”” Also, a breakdown of lens

compensation during myopia'®

has been reported for both Northern Europe™ and East Asian’
children. The results suggest that the rate of loss of lens power in the development of
refractive error needs to be assessed in more detail, considering the correlation found
between axial length and lens power.” In chicks, during normal growth (Chapter 3)'*® and
diurnal variation of mean ocular refraction (MOR),* we have previously shown that changes
in MOR are due to both changes in optical length and optical power. The role of the optics of
the eye in matching the retinal plane to the image plane during LIM and its recovery will be

investigated here including whether and how the optical changes contribute to

emmetropization during LIM and its recovery.

In a longitudinal study, dimensional data were obtained in chicks for both control eyes and
eyes during induction of myopia and recovery from LIM. We calculate eye power via a
method modified from Chapter 3 for the larger MOR in treated eyes by making and testing
different assumptions. We then test the assumption that eye power within treated eyes does

not change compared to control eyes.
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5.2 Methods

5.2.1 Experimental Data

Two sets of 6 Ross Ross chicks (Gallus gallus domesticus) of mixed sex were measured on
different occasions. On one set, measurements were made of optical axial length (OAL,;
anterior cornea to anterior retina) and other dimension (CBL, cornea to back lens; lens
thickness, LT; and vitreous chamber depth, VCD). All were measured by A-scan Plus
Connect, Accutome, Malvern, PA which has a reported clinical precision of 0.1 mm. MOR
was measured on days 0, 1, 2, 3, 4, 6, 7, 8, 9, and 10. On the second set, OAL (by our old A-
scan, Oculometer 4000, Radionics Medical Inc, Scarborough, Ontario) and MOR on days 0,
2,4,7,8,9, and 10 were measured. Chicks were obtained from a local hatchery (Maple Leaf
Poultry, New Hamburg, ON, Canada) on the day of hatching. All chicks developed naturally
under a fluorescent light cycle of 14-hour light/10-hour dark during the experiment. A -15D
goggle was placed on one chicks’ eye from the day of hatching to day 7 then removed,
measurements continued up to day 10. Prior to goggling, retinoscopy (white light),
Hartmann-Shack measurement (633 nm), and A-scan Plus Connect ultrasonography were
performed, close to the optical axis. Refractive error and dimensional measurements were
performed when goggles were removed for a short time between 8:00 and 11:00 am to avoid
diurnal variation in optical parameters.®’ Birds were lightly restrained during measurements
without the use of anesthesia and lid retractors to avoid changes in the optics® and effects of

repeated anesthesia on growth.* All experiments received ethics clearance from the
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University of Waterloo Animal Care Committee and adhered to the ARVO Statement for the

Use of Animals in Ophthalmic and Vision Research.

A customized program was developed to show a scaled-up view of the reflections, with the
origin at the position of the probe, and peaks showing for anterior and posterior lens, and
vitreous/retinal surfaces of the eye. Images indicating severe tilts are excluded (see Appendix
A for selection criteria). Dimensions were obtained through averaging measurements from at
least three images (of sufficiently good quality) of the five scans taken of each eye for

individual birds.

Data for MOR and dimensions were averaged across eyes at each measurement time and
were plotted as a function of age and treatment without correction for the small eye artefact.
Paired t-tests, regressions and ANOVAs were performed and were deemed significant for p <

0.05.

5.2.2 Assumptions for Eye Power Calculations

Considering that the chick eyes responds to imposed defocus rapidly with compensatory
increased growth, largely through modulation of vitreous chamber depth,****" we first tested
Assumption (1) that the optics of the eye is not a function of the treatment, meaning there is
no change in any cardinal point positions nor eye power, with all compensation is due to

changes in OAL with no power change.

Eye power is defined as
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n’ 3-3
F = 17— MOR

where the dioptric length, K’, can be determined from the optical length (k'; distance from 2N
principal point, P’, to the photoreceptor layer).* If we assume (Assumption 2) that the optics
of the eye changes but that P’ is in the same position in the treated eye as in the control eye,

the difference in k' between eyes comes from the difference in OAL.

klt — P’th — PIRIC + (OALt — OALC), 5'1

where subscripts t and ¢ stand for treated and control eyes.

Previously (in Chapter 3) for normal eyes,*

we have shown that eye power can be
calculated from MOR and OAL by assuming the distance from the 2" nodal point (N') to the
anterior retina (R’) is a fixed proportion of OAL (the first assumption in Section 3.4.4), and
the distance from the 2" focal point (F') to R’ is very small compared to OAL (the second
assumption in Section 3.4.4). The first assumption about the ratio of N'R’ distance to OAL is
not thoroughly verified within young myopic eyes. The reported relationship between N'R’
distance and OAL for experimental birds is for day 26 only.® Obviously, the second

assumption no longer holds when the eye becomes myopic. Here, we modified the eye power

calculation so that it can be applied to myopic eyes (see Appendix-5.6.2), where the distance

F'R’ is a function of MOR and N'R’. An assumption is needed when determining the distance

N'R’ from measured dimensional data. Because the relationship between N'R’ and eye length

(see Appendix-5.6.3), we assume a 0.66 ratio of N'R’ distance to OAL in both control and

treated eyes (Assumption 3). In addition, we find (see Results) that the change in CBL
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relative to the baseline on day 0 (LIM) or day 7 (recovery) is proportional to the relative
change in OAL (Figure 5-2a) and that a linear relationship may exist between vertex to N’
distance and CBL (Figure 5-2b) These results motivated another possible assumption for eye
power calculation. In Assumption 4, we assume the vertex to N’ distance is correlated with

CBL and/or OAL (more details in Appendix B).

For each assumption, longitudinal eye power data was calculated for days 0, 2, 4, 7, 8, 9,

and 10.

5.3 Results

5.3.1 MOR and Dimension Changes

During LIM, while MOR in the control eye decreased exponentially during normal
emmetropization, the MOR in the treated eye becomes -7.4 D by day 7 (Figure 5-1a),
showing an emmetropization to the -15 D goggle by about 60%. MOR differed by eyes
starting from day 1 (t-test, p=0.006). A univariate ANOVA (SPSS; IBM, Armonk, NY)
showed a significant difference in OAL (Figure 5-1b) by eye (p=0.004), by day (p<0.001)
and by eyexday (p<0.001). For CBL (Figure 5-1c) and VCD (Figure 5-1e), there was a
significant difference by eye (p<0.001) and by day (p<0.001) but no significant difference
with eyexday. On day 7, significant differences in OAL, CBL, LT, and VCD were present
between eyes. 57% of OAL increase between goggled and control eye was due to VCD and

43% to CBL. LT (Figure 5-1d) shows significant differences by day (p<0.001) and by
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eyexday (p=0.003). Here, MOR and OAL are presented without correcting the small eye

artefact.

After goggle removal, the control eye continued to emmetropize; meanwhile, MOR in the
treated eye emmetropized rapidly to a value not different from the control eye within two
days. During recovery between control and treated eyes, there were significant differences in
CBL and LT by day and by eye, in VCD by eyexday (p=0.005), and in OAL by eye
(p<0.001) with significant differences in MOR and LT between eyes on day 8. Between days
7 and 9, both OAL (t-test, p=0.024) and VCD (t-test, p=0.016) in the treated eye decreased
significantly, but OAL (t-test, p=0.004) and VCD (t-test, p=0.013) in the control eye
continued to increase significantly. Starting on day 8, paired t-tests suggested no difference
between eyes. No significant difference in OAL between eyes was found starting from day 8.
Recovery was complete by day 9, and MOR and all other dimensions converged in both eyes

with no significant differences between eyes.
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vitreous chamber depth (VCD) in 6 chicks during LIM and its recovery as a function of age.
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Open circles represent control eyes of the goggled birds, and closed circles are treated eyes before and after goggle removal (vertical dashed lines).
Error bars are standard errors of the mean (SEM) across one cohort of 6 birds on each day. Red stars indicate the significant differences between

eyes (paired t-tests).

Control eye data were fitted with dashed curves, and treated eye data were fitted with solid curves. MOR (a) data were from H-S measurement;
exponential fits (p<0.02) are shown. The treated eye during LIM can also be fitted with a linear function with better F statistics, but the two fits
overlay. Linear fits (p<0.03) in (b) to (e) are shown.

MOR and OAL were plotted for 6 chicks which also had measurements of CBL, LT, and VCD. Another cohort of 6 chicks had MOR and OAL
measurements (not shown in Figure 5-1). Between the two cohorts, MOR for control eyes showed no significant difference on days 0, 4, 7, and 10;
and MOR for treated eyes showed no significant differences on 0, 2, 4, 7, and 8. OAL for two cohorts were measured by two different A-scan
systems, but there is no difference between systems (see A-2 Comparison between Two Ultrasound Systems in Appendix A). OAL values between
the two cohorts are not significantly different on and after day 7 for both control and treated eyes; the differences before day 7 are possibly due to
the individual variability.
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5.3.2 Relative Changes in CBL and OAL and Relationship between N’ and CBL

Considering that CBL during LIM (Figure 5-1c) and LT on day 7 (Figure 5-1d) in treated
eyes differ from control eyes, it is interesting to know how the front of the eye, having all
components of the eye’s optics, changes with OAL, and whether we can infer how the nodal

point position changes with respect to the front of eye expansion.

The change in the front of the eye, specified by the change in CBL, is found to be
proportional to the change in OAL (Figure 5-2a, averaged points) during LIM and its
recovery for control and treated eyes. The slope for treated eyes during LIM (slope=1.3+£0.1
for fit to individual points, Figure B-1 and Table B-1 in Appendix B) differs significantly
from 1 but not from the other slopes; the other slopes are not significantly different from 1.0.
If all points under different rearing conditions are pooled, the slope of the resulting fit is 1.12
(Figure 5-2a). Given data from Schaeffel and colleagues,* ** and the method outlined in the
figure caption (Figure 5-A2 in Appendix-5.6.3), the position of N’ from anterior cornea
moves proportionally as CBL expands during LIM and its recovery (Figure 5-2b).These

results are the bases of Assumption 4.
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Figure 5-2 (a) Relative change in CBL versus relative change in OAL. (b) Anterior cornea to N’ distance versus CBL.

Open and closed circles are control and treated eyes, respectively. Red and black symbols represent data during LIM and recovery, respectively.

Each point is an average across 6 birds. Error bars are SEMs.

In (a), relative change in CBL with respect to the baseline, either day 0 in LIM or day 7 in recovery varies linearly with relative change in OAL.
Dashed lines are fits for control eyes (all p<0.0001), and solid red line is the fit for treated eyes during LIM (p=0.006). The fit for points for treated
eyes during recovery is not significant. In (b), VN’ was calculated using the relationship of N'R’ = 0.66 x OAL (see Appendix-5.6.3). Dashed lines
are fits for control eyes (all p<0.02), and the solid red line is the fit for treated eyes during LIM (p<0.0001). The fit for points for treated eyes
during recovery is not significant. Individual fits are not very different from the overall fit (dashed turquoise line, p<0.0001) with 95% confidence

intervals (95% CI) overlapping with each other.
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5.3.3 Eye Power Variation

Two cohorts of chicks had their MOR measured under the same experimental conditions.
Their OAL was measured by different ultrasound systems. There is a high correlation and no
difference between the two A-scan systems (Section A-2 Comparison between Two
Ultrasound Systems in Appendix A); differences in the OAL values before day 7 are
probably due to the variability within birds. Therefore, the two cohorts of chicks can be
combined for an eye power calculation. The combined MOR (Figure 5-3a) and OAL (Figure

5-3b) change in the same ways as the individual cohorts (Figure 5-1a and b).

Assumption 1 constrains both cardinal point positions and eye power of the treated eye to
be the same as the control eye. If Equation (3-3) is used to calculate eye power with the
principle point positions from the control eyes used to derive k', the calculated eye power is
inconsistent with the assumption of constant power (also see Figure 5-Al); therefore, it is not

further considered.

Because the result in Assumption 1 shows that there is a change in the optical properties in
the eyes with treatment, a change in either cardinal point positions or the eye power or both,
we then loosen the constraint by holding the distance from the vertex to P’ (an important
cardinal point) to be the same but allowed eye power to vary in the treated eye compared to

the control eye (Assumption 2). Under this assumption, during LIM, eye power (Figure 5-

3¢) in both eyes decreased (ANOVA, by day p<0.001, by eye p=0.003). Eye power in treated
eyes became significantly different from the control eye on days 4 (paired t-test, p=0.009)

and 7 (paired t-test, p<0.001). After goggle removal, eye power changed by eye (p<0.001)
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and by day (p<0.001). Within treated eyes, eye power decreased significantly between days 7
and 8 (paired t-test, p=0.028) and remained significantly different from control eyes on day 8
(paired t-test, p=0.03). Between days 8 and 9, eye power in treated eyes did not change
significantly, while eye power in the control eye continued to decrease. After day 9, eye

power values in both eyes were not significantly different from each other.

Assumption 3 assuming that the anterior cornea to N’ distance divided by OAL remains
0.66 after treatment, is based on the literature reported relationship for the distance from N’ to
anterior retina and OAL (see Appendix-5.6.3 for more details). Given this assumption, during
LIM, eye power (Figure 5-3d) in both eyes decreased (both p<0.01) (by day p<0.001, by eye
p=0.042). Eye power in treated eyes became significantly different from the control eye on
day 4 (t-test, p=0.03). After goggle removal, eye power varied by day (p<0.001) and by eye
(p=0.019). Eye power in treated eyes decreased significantly between days 7 and 8 (t-tests,
p<0.001), showing a borderline difference in power between eyes on day 8 (t-tests, p=0.051),
then power remained relatively constant between days 8 and 9. Meanwhile, power in control
eyes decreased significantly. Eye power decreased similarly in both eyes between days 9 and

10.

In Assumption 4, movement of N’ in the treated eye compared with the control eye is

associated with the expansion of CBL or OAL in a linear relationship as found in Figure 5-2a
(also see Figure B-1a). During LIM, eye power (Figure 5-3e) only showed a by day (both
p<0.001) difference without a difference between eyes, and a borderline difference in power

was found on day 4 (paired t-test, p=0.046). During recovery, as in the control eye, eye
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power in the treated eye showed a significant decrease between days 7 and 8 (t-tests,
p=0.003), but unlike the control eye, was not significantly different between days 8 and 9;

however, there was no difference by eye (ANOVA).

All three models showed a decrease in eye power from 195 D to 165 D by day. If we use
Assumption 3 that the P’ position remain the same between eyes (Figure 5-3c), the
measurements of OAL and MOR predict an eye power change between eyes. If we let N’
position change between eyes (Figure 5-3d and e), no significant difference in eye power was
found. However, this indicates that there is a change in the optical properties (either P’ or
power between eyes during LIM and recovery). In addition, under all three assumptions, eye
power in treated eyes decreases significantly between days 7 and 8 and then remains

relatively constant between days 8 and 9.
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Figure 5-3 (a) MOR, (b) OAL, and calculated eye power with (c) Assumption 2, (d) Assumption 3, and () Assumption 4 for

12 chicks during LIM and its recovery as a function of age.
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Control eyes of the goggled birds are the open circles, and treated eyes are the closed circles before and after goggle removal (vertical dashed

lines). Error bars are SEMs across 12 birds on each day. Red stars indicate the significant differences between eyes (paired t-tests).

Here, MOR data (a) were from H-S measurement. The difference in eye power on day 0 in (d) and (e) is probably due to the combination of
slightly bigger MOR and OAL in treated eyes (before treatment).

5-103



5.4 Discussion

5.4.1 Myopia Progression and its Recovery and Dimensions

The chick eye responds to an imposed negative powered goggle relatively quickly, and the
difference in MOR between eyes is significant after the first day of goggling (Figure 5-1a).
When MOR were fitted to exponential functions, the time for a 50% change (t50) in MOR
for treated eyes (14 days) found here is longer than control eyes (t50=8 days). Treated eyes
change on average by -12 (+4) D between days 0 and 7 across the 12 birds, so that 60%
emmetropization to the -15 D hyperopic defocus (from initial positive MOR) is completed by

day 7, while 100% recovery took place between days 7 and 9.

There are two possible reasons for the faster emmetropziation during recovery. As previous
work in chicks, variation in MOR due to treatment is associated with the change in choroidal
thickness.®> ® During emmetropization, the choroid responds rapidly, thinning in response to
hyperopic defocus,”” ® and thickening during recovery from the induced myopic defocus
pulling the retina back or pushing it forward respectively. It can thicken more than it thins,
resulting in a faster recovery from induced defocus,'® to move the retinal plane to the focal
plane. It is also possible that the by eye difference in eye power contributes to the faster

emmetropization during recovery (also see section 5.4.3).

More negative MOR in goggled eyes was significantly associated with longer OAL
(p=0.0001) as previously shown. As expected, once myopia was induced, axial distance
(such as LT, CBL, VCD; Figure 5-1) elongated more relative to control eyes (Figure 5-1). In

chicks goggled by negative lenses, axial elongation increases was accompanied by an
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increase in eye volume (about 6% for -7 D lenses) while positive lenses produced a decrease

in axial length with a decrease in eye volume (of about 2% for +7 D lenses).*®

During normal development, as being observed in chicks during the first week, intraocular
pressure (IOP) increases which is associated with an increase in OAL."™" The most plausible
prediction is that the chick eye expands as IOP increases,* as seen in the 1-1 relationship of
the relative change in CBL during emmetropization, suggesting an axial expansion.
However, a smaller relative change in cornea radius compared to that in OAL (Figure 4-7c)
is probably because of a lower pressure seen within the cornea region (through modeling),
presumably because of a greater thickness of the corneo-scleral shell in this region.'*
Considering our results did not see an increase in anterior chamber depth within the control
eye (probably due to lack of accuracy for the measurement; figure not shown), this suggests
an increase in the lens thickness, as seen (Figure 5-1d). Higher IOP has been associated with
myopia.** Relative changes in CBL and OAL in treated eyes are significantly different from
(larger than) the control eye (p<0.001), and on day 7, the significant change in CBL between
treated and control eyes was 43% of the change in OAL. The rest of the change to OAL was
contributed by the VCD. We do not have data for equatorial changes which are likely to

differ from axial changes.” ***

5.4.2 Anterior Part of the Eye

Unlike our results showing linear changes in CBL and VCD with age which contribute to
emmetropization during normal growth in chick, others have reported a differential effect of

CBL and VCD on emmetropization between the first three days and later periods.* During
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form deprivation myopia, Wallman and Adams® reported that an increase in anterior
chamber depth (ACD) occurs later in the course of the myopia and is considered of separate
origin to the VCD change. Our results for lens-induced changes and recovery show
proportional changes in anterior chamber (CBL) and VCD. The contribution of CBL to total
OAL elongation is 36 to 39% throughout the entire experimental period, in both control and
treated eyes. Considering OAL in the treated eye is significantly longer than in the control
eye, the larger increase in CBL is a reflection of its relative increase in proportion to OAL.
This confirms that the enhanced growth in the anterior part of the eye occurs with the
enhanced growth in VCD,* resulting in significant differences in CBL and VCD with
treatment. In addition, since CBL has a faster relative increase than OAL in the treated eye,
on day 7 (Figure 5-2a and also Figure B-1a), a 43% contribution by CBL to the total OAL
increase between treated and control eyes, which is in agreement with the report that both
ACD and VCD are important to elongation.® Our data suggests that changes in CBL are
important in both normal emmetropization and emmetropization to negative lenses, as well
as recovery from LIM. The changes in CBL and LT are consistent with changes in the optics

of the eye with growth and between control and treated eyes.

5.4.3 Possible Changes in Ocular Optics during Myopia Development and Recovery
from It

Static lens power with treatment in chick has been reported,® ** despite the change in size,
shape or refractive index distribution. Lens power has also been reported to increase (shorter

focal length) within form-deprived myopic eyes.” Reports on the change in the cornea during
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LIM are inconsistent.®® *** The lack of agreement and the change in power given by
calculations with Assumption 1 indicates that a change in in the optics (either a movement of
the cardinal points or a change in power) is associated with myopia induction and its
recovery. Therefore, the assumption was loosened by keeping P’ at the same position in both
eyes (Assumption 2). An ANOVA indicated significant difference in the calculated eye
power between treated and control eyes during LIM (Figure 5-3c), and on day 7, there was a
lower eye power in treated eyes (Figure 5-3c), in agreement with the thicker lens observed
(Figure 5-1d), in a direction opposite to the emmetropization to negative lenses as suggested
above. During recovery, a significant difference in eye power between eyes continued on day
8. The significant decrease in eye power within treated eyes between days 7 and 9 but
smaller than the change within control eyes resulted eye power to be not significantly
different on day 9, suggesting a contribution of eye power to the rapid initial

emmetropization during recovery.

Alternatively, instead of keeping cardinal points fixed, we allowed them to move.
Assumption 3 incorporates an increase of anterior cornea to N’ distance in proportion to OAL
expansion, and Assumption 4 incorporates a movement of N’ in proportion to CBL expansion
(equivalent to assuming that the optics all expands at this rate). Assumption 3 was based on
the experimentally measured N’ to anterior retina distance for normal® and treated eyes™
from the literature data. The proportionality ratio was set to be 0.66, determined after fitting
the values (of N’ location) with linear functions as a function of eye length (either OAL or

axial length) while constraining the intercept to be zero (also see Figure 5-A2 in Appendix-
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5.6.3). Alternately, the experimental change in CBL is proportional to the change in OAL
suggests the front of the eye is growing at a rate related to OAL elongation; therefore, we can
assume that the relative movement in N’ is the same as the relative change in CBL"’

(Assumption 4).

For Assumptions 3 and 4, after treatment, there is no significant difference between eyes
except for day 4 during LIM. However, for assumption 4, the ANOVA only showed a by day
difference. Previously, we calculated eye power by considering the relative movement in N’
to be the same as the relative change in CBL (similar but not identical to Assumption 4);*
then eye power in both eyes became not significantly different from each other either during
recovery. As in Assumption4, N’ moves but eye power (N'F’) remains the same as in the
control eye except possibly on day 4 (paired t-tests). If we consider a simplified model
having both cornea and crystalline lens as thin lenses, and a possible decrease in corneal
power in treated eyes relative to control eyes, due to a bigger proportional expansion in CBL,
lens power would need to increase compared to control eyes to give constant power. The
hypothetically more powerful lens does not agree with a thicker lens observed in treated
versus control eyes on day 7 (Figure 5-1d), unless the radii of curvature of the lens decrease
significantly or the refractive index distribution changes. However, this model is still
consistent within itself since a more powerful lens would shift N’ further away from the
vertex, with a distance smaller than the axial elongation, resulting in a shorter N'F’ distance
but a longer N’ to retina distance, agreeing with the literature measurement.>® Alternatively, if

corneal power does not change significantly between control and treated eyes, with no
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significant difference in anterior chamber depth being seen on day 7, the lens power must
stay the same. However, for N’ to move while lens power is unchanged and thickness

changes, changes in lens radii are expected.

Verification for the assumptions of cardinal point positions or power relationships is
currently not possible due to lack of additional information (radii of curvature, refractive
index of the lens). Therefore, we do not know which assumption is more closely related to
the reality. This information could be assessed, hopefully through two-dimension optical
coherence tomography (OCT; see Chapter 6). However, all results are consistent with the

optics of the eye changing during LIM and its recovery relative to the control eye.

5.4.4 Influence of Measurement Techniques on Eye Power Calculations

During normal growth, the influence of the F’ to anterior retina distance is considered small,
and OAL and MOR come into the calculation of eye power only once during its derivation.*
Within myopic eyes, the calculation is modified to take into account this distance, which is a
function of MOR and distance N’ to the anterior retina, when deriving the optical length, so
MOR comes into the equation three times (see Appendix-5.6.2) during the eye power

calculation (under Assumptions 3 and 4). The accuracy and precision of the MOR

measurement is therefore crucial in terms of calculating changes in eye power with treatment.

MOR can be measured by either retinoscopy or H-S techniques. A careful determination
of MOR using retinoscopy has a high correlation to the H-S results but is slightly more

hyperopic than H-S measurement,*” possibly due to chromatic aberration and/or a
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wavelength-dependent error called the small eye artefact,” in contrast to observations
reported by de la Cera.”*® Before the H-S data was analyzed, we previously reported a
difference in eye power between eyes during recovery under Assumption 3 and an
assumption similar to Assumption 4, using retinoscopy measured MOR,™" ** where we
assumed that reflections in retinoscopy come from the vitreous/retinal interface; and we
defined OAL as the distance from anterior cornea to anterior retina. Considering that H-S
MOR has better accuracy than retinoscopy,® we then analyzed the H-S data and have now
show no change in eye power except on day 4 under Assumptions 3 and 4. The question
remains whether H-S MOR and OAL have the reflection originating from the same interface,
in other words, whether the reflection of the laser (633 nm) in H-S measurement originates at
the vitreous/retinal interface as we assumed or potentially deeper in the retina, towards the

photoreceptor layer.

5.5 Conclusions

Emmetropization to hyperopic defocus (LIM) is partially due to an increase in CBL; the
anterior segment is also important. The distance between the corneal vertex and rear of the
crystalline lens (CBL) contributes to changes in OAL in LIM. Significantly thicker lens and
CBL in the treated eye was observed. During recovery, OAL and VCD decrease and LT and
CBL remain relatively constant between days, while MOR magnitude decreases.

Emmetropization following goggle removal is more rapid than to the goggle. Eye power
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calculated based on different assumptions confirm a change in optics between treated and
control eyes during LIM, either in the positions of cardinal points or in the focal length,
depending on the assumptions used. Changes in curvatures, which may help to differentiate
cardinal point movements from power changes, remain to be assessed. During recovery,
power appears to decrease rapidly and may accelerate emmetropization. After
emmetropization is complete in recovery, neither dimensions nor power differ between the

two eyes.

5.6 Appendix

5.6.1 Predicted MOR in the Treated Eye
If we constrain the cardinal point positions (for example, VP’ = VP'.) and eye power (Fe, = F, )
to be the same in treated eyes as in control eyes, then optical length in the treated eyes can be

calculated from the positions of the principal planes in the control eyes. Therefore, the expected

power is the difference between dioptric length and MOR within treated eye (from Eqn. 3-3)

n’ Al

Foi =7~ MOR,.

The resulting change in power between control and treated eyes (Figure 5-Al) is inconsistent

with the initial assumption.
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Eye power (D);
Assumption 1
=

Figure 5-A1 Comparison of eye power calculated under assumption 1 between control and

treated eyes

Closed and open circles are eye power for treated and control eyes before and after goggle removal
(vertical dashed lines). Error bars are SEM across 12 birds on each day. Red stars indicate the
significant differences between eyes (t-tests), suggesting that the optics in the treated eye differs from

the control eye. This is contradictory to the assumption that the optics in the treated eye does not
change compared to the control eye

5.6.2 Eye Power Calculations in Myopia Eyes
The power of the eye can be expressed as*

!

=2 MOR
=1 )

3-3
Fe

where n'=1.335% % is the refractive index of the vitreous , and k’ can be calculated from the

positions of the cardinal points

A2
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where the positions P, P’, F, and F’ are 1% and 2" principal points and focal points, and R is the
photoreceptor layer. Given that P'F’ = —NF and PF = —N'F’;* the relation between 1% and 2™

focal lengths is f = PF, f' = P'F’ and f/f=n'/n, where n is the refractive index of air. Therefore,

K =2 x (VR + RF) - RF 3-4

n
where the information of RF’ can be derived from the MOR,

f' x k' A3
n’ X POFAR '

FR =

POgap is related to MOR by the following relationship

= MOR. Ad
POFAR
From Egn.s A3 and A4
g fx k' x MOR A5
RF=—————,
n
and replaces f by negative N'F’, then
i N'R x k' x MOR A6
~ n—k'xMOR °

In the low hyperopic MOR (normally smaller than 10 D, on average 6.5 D) in the normally
developing eye, RF’ to N'R ratio is always within 4% when the eye emmetropizes from a small
hyperopic amount, meaning Eqn. A6 can be approximated to zero during the calculation of k'.

However, in the high hyperopic (larger than 6.5 D) or myopic (treated) eye, the assumption that

RF' is small does not hold, and RF’ is about 11% of N'R of the myopic eye on day 7. Therefore, it
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is important to consider the distance RF’ during the derivation of k'. Substituting Eqn. A6 into

Eqgn. 3-4, the expression of k' can be finally derived from the following quadratic equation

e s N'R|k NR AT
! _ X ! ! ! X — .
n(k')* + MOR ™ N'R| K"+ nn MOR 0
Therefore,

. —B++VB2Z-4AC A8

k' = )
2A
—n? — IXNTR o s o .

where A=n,B=—— —nxNR,and C = m;/ﬁ{ R Positive or negative sign is chosen in Eqn.

A8 for negative or positive MOR value in order to get a reasonable k’ value.

Because there is no consistently reported photoreceptor layer location for chick, we use the

anterior retina (R’) instead of the photoreceptor layer (R) in calculating k' and N'R.
5.6.3 N’ to Anterior Retina versus OAL

In Assumption (3), the same 0.66 ratio of N’ to anterior retina distance to OAL was used in both

control and treated eyes for the following reasons:

(1) The relationship between N’ to anterior retina distance and eye length measured in digitized
video images are not very different in normal (0.64) and experimental (0.63) birds older than day

15;%:53 therefore, it is possible that normal and experimental eyes have similar ratios.

(2) When N'R and OAL were measured by ultrasound for experimental birds aged 26 days,> a

slope of 0.66 can be determined when the curve is fitted with a zero intercept. The same slope of
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0.66 as found for normal birds before day 15. Therefore, it is possible that the ratio does not

change with age.

8.5
8.0 1
7.5 1
7.0 1
6.5 1
6.0 1
5.5 1
5.0 1
4.5

N'R* (mm)

7 8 9 10 11 12 13
Eye length (mm)

Figure 5-A2 N’ to anterior retina (R’) distance as a function of eye length.

Eye length is measured either by ultrasound or in digitized image. If measured by ultrasound, the eye
length is from anterior cornea to anterior retina, which is OAL. If it is measured in digitized image,
the value is bigger than OAL.

Open circles are N’ to anterior retina distance versus eye length (it is OAL in this case) data from
Irving and colleagues™ and Avila and McFadden® for normal birds before and on day 15. Data were
fitted with linear functions with (black dashed line, with insignificant intercept value) and without
(black solid line, y = (0.658+0.003) x OAL, p<0.0001) intercept.

Pink dashed line is the regression taken from Schaeffel and Howland*® for normal birds (age ranged
from 14 to 86 days), y = 0.4121 + 0.6208 x eye length, where eye length is measured in a digitized

image. If we set the intercept to be zero (pink solid line), the slope becomes 0.639.

Blue and turquoise dashed lines are regressions taken from Schaeffel and colleagues® for an
experimental birds (age 26 days) with length measured in digitized video image (y = 0.544 + 0.584 x
eye length) or by ultrasound (y = -0.443 + 0.7 x OAL). Blue and turquoise solid lines are the fits for
corresponding regression when both intercept to be zero. The blue solid line has a slope of 0.632, and

the turquoise solid line has a slope of 0.661.
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Chapter 6
Comparison of A-scan Ultrasonography and Anterior Segment
Optical Coherence Tomography (AS-OCT) in the Young Awake
Chick Eye

The Visante Anterior Segment Optical Coherence Tomographer was borrowed from Dr. Luigina
Sorbara from the Center of Contact Lens Research. The experiment was performed with the help
of Kisilak. Kisilak provided experience with other topographers that had been tested prior to this

one.

The author of the thesis handled the animals during the experiment while Kisilak controlled
the computer for image acquisition and dimensional measurement using A-scan ultrasound. The
author of the thesis collected and analyzed the OCT images after discussion with Dr. Campbell,
Dr. Sorbara, Dr. Natalie Hutchings, and Kisilak. The author of the thesis performed Bland-
Altman Analysis and came up with possible explanations for the discrepancies between
ultrasound and OCT measurements of anterior chamber depth, lens thickness and cornea to back
lens distance, and discussed with Dr. Campbell. Dr. Campbell provided critical revision after the

author of the thesis finished writing the first draft of the chapter.
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ABSTRACT

PURPOSE: To compare ocular biometry [anterior chamber depth (ACD; anterior cornea to
anterior lens), lens thickness (LT), corneal to back of the lens (CBL)] using A-scan
ultrasonography and Visante anterior segment optical coherent tomography (AS-OCT) in the

chick eye.

METHODS: Six Ross Ross alert normal chicks were measured by A-scan ultrasound and
Visante AS-OCT on days 1, 2, 3, 7, 9, and 14 between 8:00 to 11:00 am. In the AS-OCT
images, physical distances were determined by dividing the optical path length by the
refractive index. Bland-Altman plots and correlation analyses between methods were

performed on one eye of each chick.

RESULTS: There was a high correlation between methods for LT (r=0.8502, p<0.0001) and
CBL (r=0.9329, p<0.0001), but not for ACD (r=0.0303; p=0.8649). Measurements by AS-
OCT were more precise (smaller standard deviation, SD). Bland-Altman plots showed that
there were dimensional-dependent biases of opposite sign in measurements between

techniques for ACD and LT. CBL showed a bias not significantly different from zero.

CONCLUSIONS: A high correlation between both techniques was found for LT and CBL
after physical distances were calculated from the optical path lengths in AS-OCT.
Measurements of CBL are very similar between the two techniques but AS-OCT is more
precise. The dimensional-dependent bias in ACD and LT suggest that rotation during

ultrasound measurement is most likely the major reason for the discrepancies with AS-OCT.
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With this OCT instrument, limitations in depth penetration will not allow measurements of

CBL elongation on birds with lens-induced myopia.

Keywords  A-scan ultrasound « Visante anterior segment optical coherent tomography-e

Chick ¢ Ocular biometry
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6.1 Introduction

The chick is a popular model for the study of both normal emmetropization and the
development of induced refractive error because of its rapid growth changes and its

independent feeding after hatching.*” Ocular changes,® * *

including refractive error, are
measured together with image blur,** * hoping to better understand emmetropization and
myopia development. A-scan ultrasonography is extensively used to measurement ocular
changes, such as optical axial length (OAL; anterior cornea to anterior retina), anterior
chamber depth (ACD; anterior cornea to anterior lens), lens thickness (LT), and vitreous
chamber depth (VCD). An ultrasound biomicroscope™ as well as optical low-coherence
interferometry’® have been tested within the chick eye. Procedures established for
measurements within the small chick eye involve anesthesia and lid retractors because awake
animals close their eyes quickly before measurements can be taken, especially newly hatched
birds. However, repeated anesthesia affects the growth rate of the animals® and isoflurane

together with lid retractors change the optical properties of the eye.* Avoidance of repeated

anesthesia and lid retractors is best,*® even though it makes measurements more challenging.

A typical A-scan ultrasound transducer in an ophthalmological system has a sound wave
with a frequency of 10-30 MHz, which limits the resolution of finer details. The transducer is
placed in front of the eye with either a soft rubber bath (immersion mode)® '® or direct
contact (contact mode). The former gives improved measurement within the eye. However,
three different immersion instruments (including A- and B-scan ultrasound, and ultrasound

biomicroscopy) failed to give adequate peaks when used on alert chicks. A minor cornea
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indentation is considered the biggest disadvantage for contact A-scan ultrasonography but
can be minimized after practice. Contact ultrasonography is not able to provide a

measurement of corneal thickness.

In ultrasonography, time delays of various reflections are recorded. Because sound waves
travel at various speeds in different media, calibration is needed to convert time delays into
physical distances by multiplying by the speed of sound. Repeated measurements are
required, and careful decisions are necessary to select images indicating good axial
alignment. Alternatively, optical coherence tomography (OCT) provides ocular biometry
measurement in vivo. Physical distances are obtained after dividing the measured optical path
length by the refractive index of a particular element. OCT is a non-invasive technique,
which does not require direct contact with the cornea. Two-dimensional images give more
information. However, the available commercial systems are all designed for human eyes,
and their measurement ranges do not match the small chick eye. With the anterior segment
(AS) OCT (Visante AS-OCT, Carl Zeiss Meditec, Dublin, CA) for the human eye, the 3 to 6
mm image range is ideal for studying properties of the optics (cornea and crystalline lens) of
the normal chick eye. The purpose of this study is to compare A-scan ultrasonography (A-
scan Plus Connect ultrasound, Accutome, Malvern, PA) with AS-OCT in the anterior
chamber of awake chick eyes. Bland-Altman analysis was applied to evaluate precision and

to compare the measurements using the two techniques.
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6.2 Methods

A total of six Ross Ross chicks (Gallus gallusdomesticus) of mixed sex were obtained from a
local hatchery (Maple Leaf Poultry, New Hamburg, ON, Canada) on the day of hatching. All
chicks developed naturally under a fluorescent light cycle of 14-hour light/10-hour dark
during the experiment. Ocular dimensional measurements were performed on days 1, 2, 3, 7,
9, and 14 to ensure measurement values across a relatively large range. Measurements were
performed in the morning between 8:00 and 11:00 am, approximately during the same time
of the day to avoid the influence of the diurnal variation.®® Each animal was handled by the
same person during measurements. Both ultrasound and AS-OCT measurements were
performed on alert chicks. The experiment received ethics approval from the University of

Waterloo Animal Care Committee.

The A-scan Plus Connect ultrasound biometry has a 10 MHz frequency transducer and
offers a stated clinical accuracy of 0.1 mm for length in human and electronic resolution of
0.016 mm. During the measurement, the contact mode was used, and five scans were
obtained during each measurement. A customized program was developed to show a scaled-
up view of the complex of reflections originating from the rear of the retina, the choroid, and

the sclera complex of the eye.

The Visante AS-OCT is a time-domain instrument with a central wavelength of 1310 nm.
Several image scans were obtained for each individual eye. We adjusted the fixation angle to

ensure the OCT images were aligned with respect to the geometric axis of the anterior eye.
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Both Raw Image Mode (Figure 6-1a) and Raw Image High Resolution Mode (Figure 6-1b)
were used to save images. Images were aligned with respect to the geometric axis of the
anterior eye. Images with best efforts for alignment along the optical axis (within a 10 degree
tilt) were analyzed. Image analysis was performed in Image J. Axial optical path lengths
were converted to physical distances with literature refractive indices for different ocular
media. The refractive index for the cornea and aqueous were taken to be 1.369 and 1.335.%

An average refractive index for the chick crystalline lens of 1.396 was used.®

A single eye of each bird was analyzed. The eye with more OCT images indicating good
alignment was analyzed, and the ultrasound data for the same eye was used. Pearson’s
correlation coefficient (r) was used to quantify correlations between the two methods. The
Bland-Altman plot was employed to indicate the differences between the measured values
from the two techniques plotted against the averages. The 95% limits of agreement were

defined as mean +1.96 standard deviations (SD) of the differences between the techniques.
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Figure 6-1 Visante AS-OCT images with good alignment showing the optical path
length under (a) Raw Image Mode (16mmx6mm), and (b) Raw Image High Resolution

Mode (10mmx3mm).
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Figure 6-2 An example of the best A-scan output. Horizontal axis has units of

millimeters (mm).
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6.3 Results

The results of the pairwise comparisons and the correlations between A-scan ultrasound
and Visante AS-OCT for ACD, LT and CBL, including the means of the standard deviations
(SD), mean differences, Pearson correlation factors (r), and 95% confidence intervals (CI) for
the correlations, are show in Table 6-1 and Table 6-2. In general, the Visante AS-OCT gives
a smaller standard deviation (SD) compared with the A-scan ultrasound; however, the SD is
only significantly lower during ACD measurement but not for LT or CBL measurement.

Pairwise correlations between instruments for LT and CBL were highly significant (both

p<0.0001) but not for ACD (p=0.8649).

Table 6-1 Comparison of standard deviations (SDs) between ultrasound and Visante

AS-OCT.

Dimension (mm) Technique

ACD Ultrasonography
Visante AS-OCT
LT Ultrasonography

Visante AS-OCT
Ultrasonography

Mean of SDs (SD of SDs)(mm) t-test (p value)

0.067 (0.033)
0.045 (0.020)
0.083 (0.039)
0.073 (0.042)
0.108 (0.049)

0.003

0.430

0.970
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Table 6-2 Pairwise comparisons and correlations between measurements with ultrasound and Visante AS-OCT.

Dimensions Pearson correlation Correlation slope Slope Correlation Mean Bias
(mm) coefficient (r) with SE 95% ClI o value Bias(mm) 95% Cl
(SD)

ACD 0.0303 0.1 -0.7410 to 0.8649 -0.04 -0.0964 to
(0.4) 0.8773 (0.15) 0.0104

LT 0.8502 0.57** 0.4496 to <0.0001 0.06* 0.0082 to
(0.06) 0.6970 (0.15) 0.1124

CBL 0.9329 1.04** 0.8981 to <0.0001 0.01 -0.0255 to
(0.07) 1.1881 (0.11) 0.0541

The bias is the difference between ultrasound measured value and the Visante OCT measured value.
* represents that the 95% CI for the bias does not include zero.

** represents that the significant correlation between techniques.
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Figure 6-3 Comparison of anterior chamber depth: (a) Correlation data between A-

scan ultrasonography and Visante AS-OCT; (b) Bland-Altman plot.

In (a), the long red line is the 1-1 line; blue dashed curves indicate the 95% CI. The correlation
between ACD measured by Visante AS-OCT and measured by ultrasound, representing by the black

solid line, is not significant.

In (b), the blue solid horizontal line in the middle represents the mean of the bias, and the other blue
lines indicate the 95% CI. The black solid line is the fit to the bias (Visante AS-OCT minus
Ultrasound) versus the mean (p <0.0001).

There is no significant correlation between the two techniques (r=0.0303, p=0.8649, Figure
6-3a) for ACD. The difference in ACD between the techniques was not significantly different
from zero (paired t-test: p=0.112; mean bias is not significant different from zero). However,

the Bland-Altman plot (Figure 6-3b) showed that there is a dimensional dependence of the
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difference between methods (r = 0.6699, p<0.0001, slope = 1.3099 + 0.2567, Figure 6-3b).
The difference between methods (Visante AS-OCT minus ultrasound) is more positive as the

ACD increases.
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Figure 6-4 Comparison of lens thickness: (a) Correlation data between A-scan

ultrasonography and Visante AS-OCT; (b) Bland-Altman plot.

In (a), the long red line is the 1-1 line; blue dashed curves indicate the 95% CI. The black solid line is

the correlation between LT measured by Visante AS-OCT and measured by ultrasound (p <0.0001).

In (b), the blue solid horizontal line in the middle represents the mean of the bias, and the other blue
lines indicate the 95% CI. The black solid line is the fit to the bias (Visante AS-OCT minus
Ultrasound) versus the mean (p <0.0001).

The same analysis was performed for LT measurements. Figure 6-4a showed that there is a

high correlation between methods (r=0.8502, p<0.0001). No significant difference in LT
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between methods was found (Table 6-2). However, the linear regression showed that there is
a proportional bias as well as a fixed bias between the two methods (95% CI for the slope is
0.04496 to 0.6970 and for the intercept is 0.6019 to 1.0514). The Bland-Altman plot (Figure
6-4Db) illustrates that the Visante AS-OCT has an overall larger value compared to ultrasound,
and this difference is significant different from zero (t-test, p=0.02). Interestingly, the
difference becomes smaller as the measured LT increases (r = 0.6092, p < 0.0001, slope = -

0.4193+0.0930, Figure 6-4b), opposite to the observation for ACD.

For the CBL measurement, there is a strong correlation between methods (r=0.9329,
p<0.0001, Figure 6-5a). The difference between methods is not significant different from
zero (p=0.471). Also, the linear regression showed there is neither proportional bias (95% CI
for the slope is 0.8981 to 1.1881) nor fixed bias (95% CI for the intercept
-0.5950 to 0.3450) between methods. Additionally, the Bland-Altman plot (Figure 6-5b)
shows there is no bias between the two methods (0.0143 + 0.1143). The two methods can be

used interchangeably based on the above analysis for CBL.
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Figure 6-5 Comparison of CBL measurements: (a) Correlation data between A-scan

ultrasonography and Visante AS-OCT; (b) Bland-Altman plot.

In (a), the long red line is the 1-1 line; blue dashed curves indicate the 95% CI. The black solid line is
the correlation between CBL measured by Visante AS-OCT and measured by ultrasound (p <0.0001).

In (b), the blue solid horizontal line in the middle represents the mean of the bias, and the other blue
lines indicate the 95% CI. There is no significant dimensional dependence of the difference between

techniques.

6.4 Discussion

A-scan ultrasonography is a well-established technique for in vivo biometric measurement in
the eye. Anterior segment OCT has also been used, particularly in the human eye to measure
angle anatomy in glaucoma diagnosis.'* This study made comparison between the A-scan
ultrasonography (Accutome, Malvern, PA) and AS-OCT (Visante, Carl Zeiss Meditec,

Dublin, CA) in anterior chamber measurements of ACD, LT, and CBL. The results show a
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difference in measuring ACD and LT by different techniques, but the measurements of CBL
are interchangeable between ultrasound and Vistante AS-OCT. Similar comparison between
the ultrasound and OCT (for example with IOLMaster and Lenstar) have been carried out on
human eyes, because OCT is a less invasive and possibly more accurate technique® for

determining intraocular lens parameters than ultrasound. **%!

In vivo measurements of ocular dimensions designed for human and rodent do not have the
right range for chicks because ocular structures are different sizes. The chick is an important
animal model for myopia research. Therefore, a comparison between optical and ultrasound
techniques in chick is important. Here, we saw a significant increased precision in ACD
measurement with OCT but no correlation with ultrasound. Different studies have confirmed
that, unlike our results in chick, the human ACD measured with ultrasound is significantly
smaller than ACD obtained with optical biometry,**° *** but whether there is a correlation
between the two techniques remains controversial.’®* In chicks, we see a correlation in CBL
but not a consistent result of corneal indentation (explained below). Because CBL is the sum
of the ACD and LT, the fact that CBL measurement is interchangeable between techniques

provides insight into the discrepancies seen in ACD and LT measurements.

Firstly, cornea indentation has been commonly held responsible for the smaller ACD
measured by contact A-scan ultrasound. However, we don’t see this result with a slightly
positive bias in ultrasound. On the other hand, the difference between techniques in CBL

measurements should be similar to (in the same direction as) that in ACD but it is not. Most
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importantly, there is a dimensional-dependent bias within ACD or LT (as shown in Figure 6-

3b and Figure 6-4b).

Secondly, in human measurements, decentration and misalignment with the visual axis
during contact A-scan ultrasound measurement are attributed as another cause for the
difference between measurements.*® The results in the current study suggest that rotation are
larger sources of differences between techniques than any corneal compression. The Visante
OCT used here uses two-dimensional images to visualize alignment during the measurement,
and a series of measurements are acquired within one second after good alignment is seen.
Thus rotation is likely to occur more often in ultrasound giving a larger ACD and smaller LT
than the actual values (explanation given by Figure 6-6). As long as the rotational
misalignment is small, the effect on CBL is not large because the posterior surface of the
crystalline lens is considered spherical within a small region. Therefore, at small angles of
incidence, there would be no accumulated effect of misalignment in CBL because the
misalignment has opposite effects on ACD and LT, as seen (Figure 6-3b and Figure 6-4b).
As the eye gets bigger with age, alignment becomes relatively easier, and any misalignment
gets smaller. As the eye grows, the radii of curvature of both the anterior and posterior lens
surfaces increase, given the same angle of tilt, the measured ACD and LT within ultrasound
gets closer to the actual values. Therefore, the difference between ACD and LT (Visante AS-
OCT minus ultrasound) gets smaller until the relative impact of misalignment is relatively
small. On later days when misalignment is smaller, the ACD measured by Visante AS-OCT

is larger than by ultrasound, consistent with a remaining effect of corneal indentation in
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ultrasound. On later days, the measured LT by Visante AS-OCT is smaller than that by

ultrasound.

Figure 6-6 Diagram indicating a tilt in A-scan ultrasonography.

The long dashed line indicates the correct perpendicular alignment. The dotted line indicates
misalignment with a slight rotation, presumably occurred during the ultrasound measurement, causing
the ACD value to be slightly bigger and the LT value to be slightly smaller in the ultrasound

measurement than in the OCT measurement.

This particular OCT system has the following advantages for use in the chick eye. Firstly,
the two-dimensional video provided by the Visante AS-OCT system allows the operator to
visualize the alignment and save images for the best alignment. Another optical device,
Lenstar, also an OCT has been tested in the chick eye.'® The system will only save images
when it automatically decides that they are aligned.'® The stringent alignment requirements
make the measurement in the chick eye difficult without anesthesia. It’s unfortunate that the
Lenstar cannot be used with awake chicks as it would, in principle, be possible to obtain the
radii of curvatures of both the anterior and posterior surfaces of the cornea and the crystalline

lens. Secondly, the Visante AS-OCT system can save raw images with optical path lengths
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(instead of the processed images which use built-in human refractive indices), then physical
distances were obtained using refractive indices reported within literature* * for the chick

103

eye. This feature is not available in Lenstar,™ and using an incorrect (for example, higher)

average lens refractive index for chick leads to a smaller LT measured by Lenstar.'®®

In the mouse eye, for a different OCT system, the OCT technique can be extended to
obtain an axial length measurement if the reference arm is set to approximately the mid-
position in the crystalline lens so that both anterior and posterior lens surfaces appear
superimposed.'® Similar techniques have the potential to be applied to the chick eye
measurement; however, the scan depth which gives a clear lens posterior surface (3mm
depth; see Figure 6-1b) does not have enough depth to measure the vitreous chamber depth in
normal or myopic chick eyes. Swept source OCT systems allow resolution to be maintained
over a larger measurement depth. A swept source system recently built by Professor Bizheva
and tested by us on the chick eye showed promise for measuring along the full axial length of

the chick eye.

6.5 Conclusions

Alignment during ultrasound measurements within alert chicks is important, because rotation
causes larger ACD and smaller LT in young chicks and the opposite bias as the eye grows
longer (due to slight corneal compression). Measurement of ocular dimensions using the

Visante AS-OCT can be a powerful alternative to ultrasound. The two-dimensional image
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not only provides visualization during alignment but also suggests the possibility of obtaining
in vivo radii of curvature data in the chick eye, given the flexibility of substituting

appropriate refractive indices for further image processing.

6-134



Chapter 7

Conclusions

7.1 General Discussion

A calculation of in vivo eye power during normal growth using two simplifying assumptions
and longitudinal data for ocular defocus (spherical equivalent refraction or mean ocular
refraction, MOR) and optical axial length (OAL) was developed, showing good agreements
with literature data determined via either invasive measurements or more complex
calculations. The calculated eye power from MOR and OAL showed eye power decreases
with age during normal emmetropization (Figure 3-2d), in agreement with previous eye

power measurements® *

and with the observed increase in corneal radius (Figure 4-3a),
decrease in lens power (Figure 4-5) and increase in the anterior segment (specified as cornea

to back lens distance, CBL; Figure 5-1c).

By definition, MOR is the dioptric distance from where the distance light is focused to the
photoreceptor layer; it is unlikely that eye growth is regulated by a distance. Instead, it is
more plausible to discuss regulation in terms of equivalent angular blur (EB) due to defocus
on the retina, physical information that can be sampled by the retina. The results here showed
a strong support of active emmetropization by the three linear relationships with retinal blur
due to defocus (EB): of OAL (Figure 4-2c), corneal radius (Figure 4-4a) and lens power
(Figure 4-6d) during emmetropization. In addition, emmetropization appears to be driven by
values of angular blur which are above the level of the cone photoreceptor resolution during

emmetropization, reaching a level where the radius of angular blur is similar to cone spacing
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at the completion of emmetropization. In this thesis, EB due to defocus is defined as an
absolute value. The limitation of the proposed above mechanism during normal
emmetropiization is that it does not fully explain what is seen during recovery from the
induced myopic defocus. During recovery, we still need to plot the changes in ocular
parameters versus retinal blur to determine if the same relationships hold. In addition, if EB
had started at a larger value due to the myopic defocus and decreased to a level that is very
close to the cone spacing, the treated eye should have ended up with mild myopia, instead of
the mild hyperopia, as seen (Figure 5-1a). This process might involve a homeostatic

mechanism® as the treated eye eventually becomes very similar to the control eye.

During emmetropization and after emmetroipzation is complete, linear relationships were
found between the rate of change in OAL with rates of change in both corneal radius (Figure
4-4c) and lens power (Figure 4-6f), which suggest either a passive linking of the growth
changes or a similar molecular signaling for all three parameters. In addition, the relative
change in anterior segment (specified as CBL; Figure 5-2a or Figure B-1a) is very similar to
the relative change in OAL, but both are bigger than the relative change in corneal radius
(Figure 4-7c¢). For the normally growing eye, the relative change in lens power (Figure 4-7a)
is the not significantly different from the relative change in K', calculated from the OAL. The
relative change in the corneal power (Figure 4-7b) is slower than in K’'. The proportionalities
between eye length and CBL, and lens power and K’ suggest the possibility of uniform

expansion of the anterior segment at the same rate as the OAL. However, the corneal radius
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changes more slowly than uniform expansion during emmetropization, accounting for the

rapid decrease in MOR.

If signaling molecules originating at the retina are involved in coordinating component
growth during emmetropization, the refractive index profile of the crystalline lens might be
influenced by the signaling molecules. The slower rate of corneal growth might be due to the
presence of a lower level of signaling molecules during growth, since it is farther away from

the retina.

To explore how optical properties change within myopic eyes, the approximate eye power
calculation during normal growth needed to be modified, requiring an additional assumption
about the cardinal point position or power. The assumption that ametropia resulting from the
application of the lens is completely axial in origin (no change in cardinal position nor eye
power) was disproven. A modification of the in vivo eye power calculation for use in eyes
developing lens-induced myopia or recovering from it was then developed, with one
assumption needed for the nodal point position. Different assumptions have been tested, and
the results are all consistent with a change in the optics, either in the positions of cardinal
points or in the focal length, depending on the assumptions used (Figure 5-3), but more
information is required to determine which assumption is closer to the reality. A preliminary
comparison of dimensional measurements of the anterior segment between optical coherence
tomography (OCT) and ultrasonography was performed, and the results suggest the

possibility of measuring the longitudinal variation in the curvatures and thicknesses of optical
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components of the eye in treated and normal eyes as a function of age. This may give insight

into which optical components and optical properties change with treatment.

7.2 Conclusions

The end point of emmetropization can be defined as when the rate of change in MOR
becomes almost zero and when angular retinal blur (EB) are stable. MOR and linear retinal
blur would then change slowly as the eye grows uniformly. Under this definition,
emmetropization of normal growth in the chick eye ends at around day 30 to 35. During
emmetropization, concurrent variations in eye power and length combine to produce the
smaller, more rapid changes in MOR, primarily due to a slower decrease in corneal power
than predicted by uniform expansion. Emmetropization appears to be driven by an active
reduction of EB to a value close to cone resolution. In chick, during emmetropization, rates
of change in optical axial length (OAL), corneal radius and lens power are changing linearly
with EB. Also, proportional changes in the rates of change in corneal radius and lens power
with respect to the rate of change in OAL are possibly due to a similar molecular signaling.
After emmetropization is complete, that the subsequent change in linear retinal blur and
MOR while angular blur stays constant is consistent with a slow, almost uniform expansion
of the posterior chamber and cornea with the lens, continuing to reduce in power proportional
to the increase in eye length. However, after the age when normal emmetropization is
complete, an emmetropization response to additional imposed defocus blur has been

observed.
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Myopia development occurs when normal emmetropization breaks down, usually
involving at least some axial elongation. Emmetropization due to hyperopic defocus is
partially due to a change in VCD, but the anterior segment also changes. Eye power has been
calculated under several assumptions, together with dimensional measurements, to discuss
any possible “additional mechanism” (differences between treated eyes and control eyes).
There is a change in the optical properties with a change in cardinal point positions or eye
power. Based on the biometry data for normal eyes, two-dimensional OCT is a promising
alternative to ultrasound to provide visualization for measurement of anterior segment
change between myopic and normal eyes. Also, it is possible to apply the two-dimensional
OCT to obtain surface radii in order to determine changes in optical properties during myopia

development.

7.3 Future Work

Future interesting studies would involve:

(1) Calculation of angular and linear blurs within myopic chick eyes based on pupil

radius data to study if/now EB drives the emmetropization to hyperopic defocus and its

recovery. It might be helpful to increase the experimental period of LIM to approximately
day 14, when almost 100% induced myopia is established,*” so that more measurement points

may be obtained during recovery.
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(2) Application of the two-dimensional optical imaging technique for in vivo

measurement of surface radii to determine which optical parameters change. Correction of

optical path length images is required first. For example, using Visante OCT, the corneal
anterior radius can be easily obtained. For lens radii, the full image of the crystalline lens
needs to be obtained under both Raw Image High Resolution Mode (to obtain a full scan of
the lens) and Raw Image Mode (to provide a reference position for optical path length
correction). Good alignment of the eyes of awake chicks is needed for accurate

measurements.

(3) A test of whether the linear relationships between OAL, corneal radius and lens

power also exist during lens-induced myopia and its recovery.

(4) Series of experiments on lens-induced myopia and its recovery to increase the sample

population and track individual eyes. Because eye power calculations are highly associated

with the accuracy and precision of the MOR measurement, it would be beneficial to include
more birds to reduce its standard deviation. Also, more frequent measurement points between
days 0 and 10 might make it possible to detect any eye power difference during LIM.
Therefore, performing another one or two trials of the experiment of LIM and its recovery
under exact same experimental conditions could be helpful. Tracking whether birds with

higher initial refractive errors emmetropize more rapidly would also be interesting.

(5) Exploration of signaling molecules and receptors in cornea and chick lens that might

be related to optical axial length alternation. The retina has the capacity to extract

information from retinal blur and create signals controlling the development of other ocular
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components. Dopamine, a signaling substance released by the retina, is a possible candidate
for controlling emmetropization because it can diffuse freely within the eye."*” Evidence of
dopamine effects on lens growth has been found within the fish eye'** but not yet in the
chick. If confirmed, considering the reciprocal nature between dopamine and melatonin,
which affects ocular growth during diurnal variation and were found within both retina and

cornea, it would be interesting to see if corneal and lens powers show diurnal variation.
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Appendix A

A-scan Ultrasound Measurement Selection

The ACCUTOME A-scan recorded five measurements for each eye. A perfect ultrasound A-scan
measurement for the human eye contains five high-amplitude spikes including a corneal peak,
anterior and the posterior the lens peaks, a steeply rising retinal peak and a good resolution of the
separate retinal and sclera peaks; a similar output should be obtained for the chick eye (Figure A-
1). Because the measurement is done in the small awake chick eye, A-scan outputs indicating
some degree of misalignment are considered not ideal. Therefore, the A-scan measurement
selection protocols are discussed here, so that the best A-scan measurements can be carefully
selected from the five scans of optical-axial-length measurements for each eye recorded in
individual bird. The sets of values for each eye are then averaged for further analysis (experiment
in Chapter 5). In a later experiment (Chapter 6), measurements not satisfying the following

criteria are deleted, and new scans are redone.

It is worth mentioning that the gain setting before talking about the alignment, because setting
the correct gain enables the determination of various retinal spikes for the study of diurnal
variation. Generally, the gain of the ultrasound machine should be set to emphasize these peaks
while avoiding over-saturation that would cause less resolution and would smear retina and
scleral spikes together. However, due to the relatively high gain set for some scans in individual
chicks, spikes are plateaus, thus retinal and scleral spikes are undistinguishable. Fortunately, the
gain setting is somewhat forgiving when it comes to the determination of optical axial length

(OAL). OAL is defined as the distance from anterior cornea to anterior retina, so once the A-scan
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output shows a good alignment during the measurement, the determination of the OAL value
only requires the locations of corneal and retinal spikes. When using the contact mode, the cornea
surface is considered as the 0 mm location as where the probe is located, and the front of the
retina is indicated by the start of the retinal spike; therefore, the main goal of the A-scan output
selection is to exclude outputs indicating misalignment or missing information, hoping to

increase the precision of the OAL measurement.
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Figure A-1 An example for an ideal scan output.

A-1 Misaligned Scan Measurements

Because the contact mode is used, all OAL values were double checked against other scans to
remove values indicating obvious cornea compression. Measurements that have the following

characteristics were not included.
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Misalignment demonstrated by the present of jags, humps, or steps on the ascending
edge of the retinal spike when the perpendicularity to the area centralis is not

achieved.

In human eyes, if the probe is off-axis, the retina will be measured at a spot other than the
central macula, often resulting in a shorter than true axial length. When looking at the
retina spike, make sure that it is at a 90° angle (perpendicular) and rising straight up
without a step, notch or curve at the base. When scaling up the measurement, there is a
very small peak before the sharp increase for the retinal spike (Figure A-2). A similar

error will likely be seen in chick if the beam is not perpendicular to the retina.
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Figure A-2 An example output indicates the failure of perpendicularly alignment of

the ultrasound beam to the area centralis surface.

Misalignment demonstrated by only one spike at the “retinal position”.

On one hand, a common clinical explanation for the missing spike is that there is only a

retinal spike as a consequence of the misalignment of the ultrasound beam intersecting
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the optic nerve. Considering that there is no sclera at the optic nerve, the ultrasound beam
is passing through the nerve cord with only short amplitude echoes present (the
ultrasound beam is striking blood vessels within the nerve cord). On the other hand, the
missing spike could be the retinal spike caused by the difference between the refractive
indices for the vitreous (n=1.335, Avila and McFadden)® and the retina (n=1.351, Avila
and McFadden)™® or the sclera (n = nqmea=1.369,%° because similar to cornea, the sclera
consists mainly of compact fibrous tissue).X*® The bigger refractive index difference
between vitreous and the sclera suggests a stronger reflection at the retina/sclera

interface.
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Figure A-3 An sample output indicates one “retinal” spike.

e If the presenting “OAL” value is relatively larger than the value given by other scans, the
missing spike is probably the retinal spike. In this case, the diagram should be excluded.

Because the choroid thickness for the chick eye is between 0.2-0.3mm, if the presumed
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retinal spike has a width larger than 0.3mm, the diagram can be reasonably used to obtain
OAL. Even though this kind of misalignment presumably leads to a slightly bigger
optical-axial-length value as the eye is not perfectly spherical, the error is much smaller
compared to other operational factors, such as cornea compression.

Misalignment demonstrated by the decreased amplitude of the posterior lens spike.

This misalignment (shown as Figure A-4) occurs when the ultrasound beam is aligned at
an angle through the lens rather than though its center, meaning the beam is not aligned
along the visual axis. As most chickens present a posterior lens peak higher than the set
baseline, any measurement with lens peak not exceeding the baseline was excluded. The

effect of this kind of misalignment is not as big as the previous two cases.

I

Figure A-4 An sample measurement for decreased lens peak amplitude.
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A-2 Comparison between Two Ultrasound Systems

Seven chicks had their OAL measured by two ultrasound systems, A-scan Plus Connect
ultrasonography (Accutome, Malvern, PA) and an older ultrasound system that we had used
previously (Oculometer 4000, Radionics Medical Inc, Scarborough, Ontario), during an

experiment of lens-induced myopia (LIM) and its recovery.

There are strong correlations between the surface positions given by the two ultrasound
systems within control eyes, treated eyes and when all eyes are considered (Figure A-5a). Bland-
Altman analyses show the difference in OAL between two systems is not significantly different
from zero (Figure A-5b). Therefore, it is possible to pool the data from two sets of birds, having
their OAL measured by two different ultrasound systems. Across all eyes, the ACCUTOME A-
scan gives slightly more precise measurement than Oculometer 4000 with a smaller standard

deviation.
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Method 1 versus Method 2 Bland-Altman Graph
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Figure A-5 (a) Correlation data between OAL by Oculometer 4000 (Method 1) and

ACCUTOME A-scan (Method 2); (b) Bland-Altman plot.

Each spot represents the average of each eye (control eyes: open circles, grey lines; treated eyes: closed
circle, black lines; all eyes comparison: blue lines) from each bird on each day. In (a), slopes are not

significantly different from 1.0 (red line).
Paired t-tests show no significant difference between measurements within control or treated eyes on days

0,1,23,4,6,7,8,9, and 10.

In (b), the blue solid horizontal line in the middle represents the mean of the bias for all eyes, and the other
blue lines indicate the 95% confidence interval (CI). The black and grey solid horizontal lines in the
middle represent the mean of the bias and the other black and grey indicate the 95% CI for the treated and

control eyes, respectively.
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Table A-1 Pairwise comparisons between ACCUTOME A-scan and Oculometer 4000.

# of data pair Technique Mean of SE SD of SE
oD 60 ACCUTOME A-scan 0.0516 0.0302

Oculometer 4000 0.1216 0.6715

OS 60 ACCUTOME A-scan 0.0490 0.0255
Oculometer 4000 0.0280 0.0153

All eyes 120 ACCUTOME A-scan 0.0503 0.0279
Oculometer 4000 0.0748 0.4753
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Appendix B

Additional Figures & Explanations for Chapter 5
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Figure B-1 (a) Relative change in CBL versus relative change in OAL, relative to their
values on baseline day (day 0 for LIM, day 7 for recovery), (b) anterior cornea (V) to N’

distance versus CBL, for treated and control eyes.

This figure shows the individual points for Figure 5-2. Because there are only three averaged measurement
time points during recovery (Figure 5-2), the fit to the recovering eye is not significant. To obtain the

relationship during recovery, measurements for individual birds were considered and are shown here.

Control eyes of the goggled birds are the open circles, and treated eyes are the closed circles. Red symbols
are for LIM, and black symbols are for recovery. Control eye data are fitted with dashed lines, and treated
eye data are fitted with solid lines (see Table B-1 or Table B-2 for slopes).

In (a), pink dotted line is the 1-1 line, solid red line is the fit to LIM. In (b), the turquoise line is the overall

fit to all data points. In (b), values of the VN’ distance were calculated from 0.34xQAL3* #3453

(also see
discussion in Appendix-5.6.3). Except for the fit for treated eyes during recovery, which differs slightly

from the overall fit, the other fits are not significantly different from the overall fit.
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Table B-1 Slope of fits in Figure B-1a.

Slopes + SEM Treated eyes Control eyes

LIM 1.3+0.1 1.1+0.1*
Recovery 1.2+0.2* 1.2+0.2*

All linear regression fits were highly significant (p<0.0001). * Slope is not different from 1.0.
The slope for treated eyes during LIM is different from 1.0 but not different from the other three slopes.

The intercepts are not different from 0.0, except for treated eyes during recovery (95% confidence interval

for the intercept is 0.010 to 0.041, which is considered close to zero).

Table B-2 Slope and intercept of fits in Figure B-1b.

Treated eyes Control eyes

Slopes + SEM Intercepts + SEM Slopes = SEM Intercepts + SEM
LIM 0.58+0.06 1.1+0.2 0.49+0.07 1.3£0.2
SEOYIgE 0.38+0.08 1.84£0.3 0.62+0.10 0.9£0.3

All linear regression fits were highly significant, p<0.002.

The fit to the overall points has a slope of (0.58+0.03) and an intercept of (1.06+0.09). 95% CI of slope

and intercept the fit to overall points overlaps with the 95% CI of the individual fits.

We used a relationship of VN’ = 0.58 x CBL + 1.06 (p<0.0001; turquoise line in Figure B-1b) for
Assumption 4 in Chapter 5.

We used a relationship of VN’ = 0.58 x CBL + 1.06 to derive the distance from N’ to anterior

retina for Assumption 4 in Chapter 5. For some birds, measured by Oculometer 4000 during an
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earlier experiment, the CBL measurement is not available, the CBL data is inferred from its

relationship to OAL because

CBL[age > baseline] — CBL[baseline] _ l y OAL[age > baseline] — OAL[baseline]
CBL[baseline] = SIope OAL[baseline] ’

where OAL[baseline] is the average OAL on day 0 for LIM and day 7 for recovery.
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