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COMPARISON OF THE LENSTAR OPTICAL BIOMETER AND A-SCAN
ULTRASONOGRAPHY TO MEASURE OCULAR COMPONENTS

DREW GANN

BIOLOGY 5™ YEAR MASTER’S PROGRAM

ABSTRACT

The purpose of this study was to compare ocular component dimensions and
treated minus control eye differences measured with the Lenstar optical biometer to those
measured with A-scan ultrasound in the tree shrew model of refractive development and
induced myopia.

A-scan ultrasonographic measures (A-scan) were taken with a 15 MHz focused
pulser/receiver and compared with measures made with the Lenstar LS900 optical
biometer (Haag-Streit, Basel, Switzerland). Anterior segment depth (ASD), lens
thickness (LT), vitreous chamber depth (VCD), and axial length (AL) were measured in
treated eyes (30), fellow control eyes (30), and normal eyes (86) in tree shrews (n=146),
between 10 days after eye opening (days of visual experience [DVE]) and 1973 DVE.
Lenstar VCD analyses were made using the retinal cursors. Treated vs. control eye
differences were measured (n=60) in eyes made hyperopic or myopic by treatment with a
monocular lens or by form deprivation.

The A-scan measures and Lenstar measures were generally comparable (3.5%
smaller) when the Lenstar was compared to the A-scan excluding vitreous chamber,
which was substantially smaller (23%). If either the lens cursors or the retinal cursors

(international software version) were used to measure vitreous chamber depth, Lenstar



values were very similar (3.4% smaller than A-scan). All components (ASD, LT, VCD,
and AL) were found to be highly correlated with a consistent offset (t-test; p < 0.05).
Comparing treated vs. control eye differences of myopic (elongated) and hyperopic
(shorter) eyes after monocular treatment showed a significant difference in VCD and AL
(t-test; p < 0.05). The difference in vitreous chamber depth per diopter difference was
27.2 pm/D for A-scan and 26.1 um/D for Lenstar. The correlation coefficients were
consistently larger for the Lenstar than the A-scan. The slopes between the two systems
were not significantly different.

Using the standard cursors, the Lenstar substantially underestimates vitreous
chamber depth in tree shrews compared with A-scan. Using the retinal (or lens) cursors to
measure the vitreous chamber gives comparable results. The treated vs. control eye
vitreous chamber differences (retinal cursors) in monocularly treated animals are very
similar. In tree shrews, the Lenstar LS900 can be used in place of A-scan ultrasonography

and has the advantage that it can be used in awake animals.

Key Words: Ocular components, Animal models/studies, Refraction, Lenstar optical

biometer
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CHAPTER 1

INTRODUCTION

Myopia, or near-sightedness, is a condition in which visual images are focused in
front of the retina. Myopia currently affects approximately 20 - 40% of the U.S. and Eu-
ropean populations, with an even higher prevalence in East Asia (Vitale et al., 2009;
Fledelius, 1988; Goh & Lam, 1994). Treatment of this refractive error can become a fi-
nancial burden. In 1995, 13.2 billon dollars were reportedly spent in the United States on
frames, lenses, and contact lenses (Sheedy, 1996). Severe (pathological) myopia is a ma-
jor cause of blindness (Curtin, 1985). Even low myopia raises the risks of blinding eye
diseases (Burton, 1989). Even with a considerable amount of new knowledge gained this
century, no effective treatments have been yet developed to slow myopia progression or
to prevent myopia. Myopia has become an important topic in vision research and clinical
fields but even today the causes of juvenile-onset myopia still remain a mystery. Under-
standing the mechanism of myopia development is crucial in the advancement of treat-

ment or prevention of this refractive disorder.



Parts of the Eye and Refractive States of the Eye

The eye consists of various ocular components (Figure 1). In order to see clearly,
images must be focused on the retina. Light has to pass through the cornea, anterior
chamber, lens, vitreous chamber, and be focused on the retina. The photoreceptors in the
retina detect light and convert it to chemical and electrical impulses that are sent to the
visual centers of the brain. For this project, the following components are of central inter-
est: cornea, anterior chamber, (together, called the anterior segment), lens, vitreous, reti-
na, and choroid. The cornea is the clear front of the eye and along with the lens refracts
light to form a focal plane where images are in focus. While the cornea contributes most
of the eye's focusing power, its focus is fixed. The anterior chamber is the fluid filled
space that separates the cornea from the lens. It is filled with aqueous humor. The lens is
a transparent, bi-convex structure that also refracts light. The lens can change shape in
order to change its focal power. This allows the eye to focus objects at various distances.
The vitreous chamber occupies around two-thirds of the human eye’s volume and con-
tains the vitreous humor which is a transparent gel that helps give the eye its shape and
form. The retina is the photosensitive layer of the eye. Once light is absorbed by the reti-
nal photoreceptors, a complicated series of chemical cascades occurs. These cascades
trigger nerve impulses that travel up the axons of the optic nerve and into the visual por-
tions of the brain. The choroid is the vascular layer of the eye that lies between the retina
and sclera; it contains blood vessels, connective tissue, and provides oxygen and elimi-

nates waste.
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Figure 1. Schematic of the eye. The parts of the eye that are of central concern in this
article are the anterior chamber, lens, vitreous chamber, retina, choroid, and overall axial
length. All of these components work together to help individuals see clearly. Source:
Norton lab image library.

There are three primary refractive states of the eye: emmetropia, myopia, and hy-
peropia. Emmetropia occurs when light rays enter the eye and are focused on the photo-
receptors of the retina. An emmetropic eye is one that sees clearly at distance because the
axial length places the retina at the focal plane where the light is focused by the lens and
cornea. In hyperopia, the axial length is short, so the retina is in front of the focal plane
and images are out of focus on the retina. In myopia, the axial length has become too
long, relative to the focal plane, so that the retina is behind the focal plane. Juvenile-onset

myopia typically is caused by an increase in axial elongation that moves the retina behind

the focal plane.



The Emmetropization Mechanism

Until animal models were developed, it was not known why so many people be-
come emmetropic. An emmetropization mechanism has been shown to exist in a variety
of animals including monkeys, tree shrews, and chickens (Wiesel & Raviola, 1977;
Sherman et al., 1977; Wallman et al., 1978). The existence of an emmetropization mech-
anism first became apparent when the functioning of the mechanism was disrupted in an-
imals in 1977 using, first monkeys (Wiesel & Raviola, 1977), and then tree shrews
(Sherman et al., 1977). It was found that if infantile animal eyes were deprived of clear
images, the axial length increased, moving the retina past the focal plane, causing a my-
opic eye. As described below, this mechanism normally uses refractive error to guide
axial elongation rate of the juvenile eye in order to match the retinal location to focal

plane of the eye (Sherman et al., 1977; Wiesel & Raviola, 1977; Wallman et al., 1978).

The Tree Shrew Animal Model

This study investigated the ocular component dimensions in tree shrews (Figure
2), a mammalian species with excellent vision for animals of its size. Tree shrews offer
many advantages for studying experimentally-induced myopia. Tree shrews are closely
related to primates (Campbell, 1966), increasing the likelihood of a shared mechanism
with humans. The tree shrew has good responses to both form deprivation and other envi-
ronmental manipulations. They breed rapidly, generally producing 2-3 pups per litter.
They also mature rapidly, allowing for a reasonable number of animals so that statistical
analyses with reasonable power can be accomplished in a short period (Norton and

McBrien, 1992).



Figure 2. Tree shrew (Tupaia glis belangeri). Photo of species used in the lab to induce
myopia or hyperopia. Photo from Norton lab image library.

Tree shrews are born with their eyes closed; their eyes open typically around 21
days after birth (Marsh-Tootle & Norton, 1989; Norton & McBrien, 1992). The day of
eye opening for tree shrews is defined as the first day of visual experience (DVE). When
eyes first open, they are typically very hyperopic (approximately +25D). During the first
15 DVE, this normal hyperopia decreases dramatically to around +2 D (Norton and

McBrien, 1992).

Manipulating the Emmetropization Mechanism in Tree Shrews
In order to test the ability of the emmetropization mechanism to match the retinal
position to the focal plane and to examine the underlying mechanisms, lenses are used to

alter the refractive state of the eye. This in turn causes the emmetropization mechanism to



adjust the axial length of the eye. The three paradigms used to study the emmetropization
mechanism include: minus lens wear, form deprivation, and plus lens wear.

If a monocular minus (concave) lens is held in front of an eye with a goggle
frame, it shifts the focal plane away from the cornea. This causes the eye to be hyperopic
compared to the original condition, and to that of the fellow, untreated eye. In a juvenile,
tree shrew that is still growing, the lens-wearing eye responds to this refractive stimulus
by activating the emmetropization mechanism and causing an increase in the axial length
of the eye. The increase in axial length is primarily an increase in the vitreous chamber
depth. This increase moves the retina to the shifted focal plane and eliminates the induced
refractive error (Figure 3, blue triangles), returning the eye back to an emmetropic state
while wearing the lens (Siegwart and Norton, 1993). However, when the lens is removed,
the eye is myopic because the focal plane is now in front of the retina (Figure 3, green
triangles). This situation is referred to as lens-induced myopia because the lens instigated
the initial increased growth of the vitreous chamber. If the lens is removed, the myopic
refractive error activates the emmetropization mechanism in the growing animal and
causes a slowed elongation rate. The optics, cornea and lens, continue to develop (lose
optical power) and eventually the focal plane “catches up” to the initially increased axial

length (Amedo et al. 2012). This is defined as recovery (Figure 3, orange triangles).
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Figure 3. Minus lens development and recovery. The blue triangles show an eye, wearing
a minus lens, responding to the lens by increasing the axial length. This reduces the lens-
induced hyperopia until it reaches emmetropia (0O D on the Y-axis). The green triangles
show the same effect without the lens in place. Thus, the eye develops lens-induced myo-
pia. The orange triangles show the pattern of recovery once lens wear is discontinued.
This figure shows how it is possible to manipulate the tree shrew eye to study the
emmetropization mechanism to better understand myopia. Figure from Norton lab image
library.

Form deprivation was originally performed using eyelid closure and was found to
produce myopia in various animals including monkeys, chickens, and tree shrews
(Wiesel & Raviola, 1977; Sherman et al., 1977; Wallman et al., 1978). Form deprivation,
like minus lens wear, produces axial elongation and myopia. For the last 20 years,

translucent diffusers have been used instead of eyelid closure. Diffusers elimate clear

images and produce a constant blurred/distorted image on the retina but do not greatly



reduce retinal illuminance. This is very similar to the negative lens wear except the eye
can never perceive a clear image, the emmetropization mechanisim continues enlongating
the eye because it cannot detect that emmetropia has been restored, as is the case with
minus lens wear (Siegwart and Norton, 1998; Norton et al., 2010).

The third method used to study the emmetropization mechanism is plus lens
treatment. Placing the plus lens in front of an emmetropic eye initially shifts the focal
plane in front of the retina creating a myopic refractive state. The eyes of very young (11
DVE) tree shrews respond to the plus lens treatment by slowing their axial elongation
rate so that the eye becomes emmetropic while wearing the plus lens (Figure 4, blue cir-
cles). If the lens is removed, the eye is hyperopic (open symbols in Figure 4) (Siegwart,

Jr. & Norton, 2010).
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Figure 4. Continuous binocular plus lens wear. The blue circles show the average refrac-
tion of the left and right eyes. The eyes initially become myopic after plus lens wear be-
gins followed by the slowed growth of the axial length so that the eyes eventually return
to emmetropia while wearing the lenses. The open symbols show the same measurement
without the lenses in place. Figure from Norton lab image library.
Ocular Component Measurements

A-scan ultrasound was developed for use in vision research to solve a fundamen-
tal problem: how to take measurements of ocular component dimensions over time with-
out damaging the eyes. Before A-scan, the only way to measure ocular component di-
mensions was to use a caliper to directly measure the ocular components. In order to do

this, the eye had to be removed from the head; to measure components such as corneal or

lens thickness, the eye had to be dissected so that these could be measured. This was not
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satisfactory if one wanted to make repeated measures over time, in order to learn what
components change during normal development, or when myopia or hyperopia develops,
because measures could only be made once per animal. The development of A-scan al-
lowed non-invasive measurements to be made repeatedly and allowed examination of
changes in the eye over time. Using A-scan, it has been found that the changes in myopic
animal models are similar in to those in myopic human eyes. For myopic eyes, both hu-
man and tree shrew, the A-scan showed that vitreous chamber enlargement produces the
myopia; while other dimensions change to a much lesser degree.

The A-scan system measures anterior segment depth (ASD), lens thickness (LT),
vitreous chamber depth (VCD), and axial length (AL) and has been a crucial piece of
equipment for ocular measurement. It uses high frequency sound, reflected off of bounda-
ries between regions of differing density, to measure ocular components and provides the
ability to follow normal development and to compare a ‘treated’ (myopic or hyperopic)
eye to a control. However, it also has disadvantages. Because ultrasound does not con-
duct well through air, the A-scan probe has to contact the cornea in order to make meas-
urements. For most animal models, measurements have to be made while the animals are
anesthetized because the animals will not tolerate the probe approaching and contacting
the cornea. Repeated anesthesia can have negative consequences such as the possibility
of affecting the animal’s growth and health. It is unwise to take daily measures because
daily anesthesia can affect the health of the animals and may alter ocular development.

Although A-scan ultrasound is still considered the “gold standard” for animal and
human myopia studies, a new instrument has recently become available that offers a

number of advantages. The Lenstar optical biometer (Haag-Streit) was released for sale
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in 2008 and uses light instead of sound to measure ocular dimensions. This machine was
developed for human eyes to help clinicians select the correct power of intraocular lenses
during cataract surgery. Like the A-scan, the Lenstar creates waveforms that indicate the
location of surfaces within the eye. By measuring eyes repeatedly in juvenile animals,
one can examine the growth of ocular components; by examining both eyes, one can de-
termine the differences in ocular components between a treated eye and a control eye. A
benefit of the Lenstar is that it does not require direct contact to the eye so animals need
not be anesthetized. This allows daily measures and eliminates any chance for hindering
growth or health due to anesthesia. The Lenstar also is able to measure ocular compo-
nents that A-scan cannot measure including central corneal thickness, anterior chamber

depth, retinal thickness, and even choroidal thickness.

A-Scan Ultrasound Biometry — Principles of Operation

A-scan systems use a type of “pulse-echo” sound waves similar to those found in
sonar. This involves a short burst of ultrasonic energy generated by a piezoelectric trans-
ducer. The ultrasound waves undergo a partial reflection off of surfaces that have greater
or lower density, return to the transducer (which also serves as a microphone to receive
the ultrasound), and are displayed on an oscilloscope or monitor screen with time on the
X-axis and waveform amplitude on the Y-axis (Figure 5). The horizontal axis represents
elapsed time for the ultrasound to move from the transducer to the reflective surfaces and
back to the transducer; reflections from more distant surfaces take longer to return rela-

tive to nearer surfaces.
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Figure 5. Sample A-scan waveform. This waveform shows the position of the corneal
front-surface echo, front and back lens echoes, and retinal/scleral echo. The distances be-
tween the components are listed below the scan as dT1 (ACD), dT2 (LT), and dT3
(VCD). Figure from Norton lab image library.

The higher the frequency of the transducer, the better the resolution observed. In-
creasing the frequency of the transducer leads to increased axial resolution and accuracy.
The increase in accuracy is due to the measurement of the first quarter cycle of each echo
(fraction of time in which voltage pulse rises to a maximum) (Coleman et al, 1977).

However, higher frequencies do not penetrate as deeply into ocular tissues, which places

a practical limit on the useful frequencies. In this laboratory, a 15 MHz frequency is used.

A-scan Principle - How Does it Work in the Eye?
The axial ultrasonogram is obtained by aligning the ultrasound beam with the

eye’s optical axis SO that echoes to be obtained from each of the optical surfaces of the
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eye. Figure 6 illustrates the difference between a control eye and a treated (myopic) eye.
As the figure shows, the vitreous chamber is primarily what is increasing as the eye be-

comes myopic.

conest KRN T
a2 NN\ SE o

0 mm 4 il 8

Figure 6. Distances measured between the ocular components with an A-scan. This fig-
ure shows tracings of the ocular components of histological sections through the middle
of a control and a myopic tree shrew eye. The solid line traces the outline of the normal
eye and the dotted line shows the treated eye. The bottom rulers illustrate results of A-
scan measures of the two eyes. It can be noted that the vitreous chamber depth is what is
increased in the myopic eye. The A-scan analysis of tree shrews was one of the first tech-
niques that showed the vitreous chamber increasing as the eye grew larger and more my-
opic (Modified from Norton lab library).

Lenstar - Principles of Operation
The operation of the Lenstar is similar to ultrasonography except that light is used
rather than sound waves. With light, optical measurement can be performed without

physical contact to the eye (Puliafito et al, 1996). The A-scan uses conduction velocities

to calculate distances while the Lenstar uses refractive indices to calculate distances. The
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principal difference between ultrasonic and optical imaging is speed. Since distances
within the eye are measured by the time delay of reflected sound or light waves and light
rays travel much faster than sound, this implies that measurements using light require a
faster time resolution. The Lenstar uses a principle known as Ocular Low-Coherence
Reflectometry (OCLR). Because the Lenstar technology is proprietary, it was difficult to
find information about exactly how it works. However information was readily available
about the principle of Ocular Coherence Tomography (OCT), which is similar to OCLR.
The main difference between these techniques is fairly simple. OCLR takes a single
measurement along one axis (often called an A-scan) and OCT uses several scans to cre-
ate a 2-D section (a B-scan). In its simplest form, OCT is multiple OCLR scans. Thus, the
rest of this section describes OCT.

Optical Coherence Tomography utilizes low-coherence interferometry to perform
high resolution range measurements and imaging. In order to perform these high resolu-
tion structural measurements, it is necessary to use an optical instrument which compares
one optical beam to another. This measurement is performed by an interferometer

(Puliafito et al, 1996).
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Figure 7. The basic principle behind the Lenstar uses a technique known as low-
coherence interferometry. As shown here, the light source emits a beam which is split
into two separate beams by the beam splitter. The transmitted beam goes into the eye and
reflects off of different tissues at different time delays. These reflected waves combine
with the other beam that is reflected from a moving mirror with a known spatial position.
These beams combine to produce interference. The type of interference observed depends
on the frequency of the two beams. This technique, even though it is complicated, allows
greater resolution than that of the A-scan system.

The interferometer uses an optical beam from a laser which emits short optical
pulses onto a partially reflective mirror called an optical beam-splitter (Figure 7). The
beam-splitter splits the light into two identical beams. One beam (the measurement beam)
is directed into the eye and reflects from the intraocular structures where there are differ-

ences in refractive index, just as A-scan reflects off of these structures. The reflected

measurement beam consists of multiple wave echoes which give information about loca-
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tion of the structures. The other half of the split beam, the reference beam, reflects from a
mirror that moves and has a known spatial position at any moment. The reflected refer-
ence beam then travels back to the mirror where it then combines with the structurally
reflected beam. The measurement beam is reflected from the structures with different
time delays according to the location of the structure. The light in the reference beam is
reflected from the reference mirror at a variable distance in order to produce a time delay.
The reflected wave from the measurement beam and the reference beam combine to pro-
duce constructive interference only at the locations where the measurement beam has re-
flected off of an optical surface; the amplitude of the interference signal is measured by a
photodetector. The position of the reference mirror is known to the instrument, so that
time delays of light echo from the ocular structures can be measured and converted into
distance. Figure 8 provides an example of a Lenstar waveform. The top scan is an exam-

ple of a treated eye (myopic eye), while the bottom is the control eye in the same animal.
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Figure 8. This shows an example waveform from the Lenstar with the top being a treated
eye and the bottom being a control eye. It clearly shows the corneal thickness defined as
the first two cursors followed by the lens and the vitreous. The retina is indicated by the
last two points. The choroid is located where the last cursor is located and is magnified in
the images shown for clarity. Image from Norton lab image library.

If this new technology is to be used instead of A-scan, it is necessary to learn how
measures of ocular component dimensions made with the Lenstar compare with the A-
scan, which has been the accepted system for decades. Are the measures of each ocular
component similar? If they differ, is this difference consistent when eyes of differing size
are measured? Will the Lenstar show a similar enlargement of the ocular components to
the A-scan during normal growth, enlargement of the vitreous chamber in myopic eyes
and smaller vitreous chamber in hyperopic eyes? The Lenstar was developed for clinical
measures of human eyes but is able to make measures in tree shrew eyes that are around
one third of the length of human eyes. How will the measurements made by this system

respond to these smaller eyes? The Lenstar must use refractive indices for the ocular
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components that are appropriate for humans but may not be appropriate for tree shrews.
Will treated vs. control eye differences be similar with both systems?

To answer these questions, this study had two primary aims. Aim 1 compared oc-
ular dimensions between both the A-scan and the Lenstar in normal and control eyes of
various ages. Because eyes enlarge with age in young animals, this provides an estimate
of whether the two systems give comparable results with different eye sizes. If a signifi-
cant difference is found between the two systems, a correction factor will be calculated in
order to make the differences comparable.

Aim 2 focused on the differences between the treated and control eyes, comparing
these differences measured with the A-scan and the Lenstar, treated vs. control eye dif-

ferences will be analyzed to see if these values are comparable between the two systems.
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CHAPTER 2

MATERIALS AND METHODS

Animal Subjects

Measurements of ocular components were made with both A-scan and Lenstar on
tree shrews (Tupaia glis belangeri) that were born after 11/11/2007. The tree shrews were
raised by their mothers in the breeding colony at the University of Alabama at Birming-
ham. The colony was under a 14h light/10h dark cycle controlled by an automatic timing
system. The treatments were in accordance with the ARVO statement for Care and Use
of Animals in Ophthalmic and Vision Research and were approved by the Institutional
Animal Care and Use Committee.

A total of 146 eyes were measured including 86 normal eyes, 30 untreated control
eyes in animals that had the other eye treated with a monocular -5D lens, +5D lens, or
diffuser; thus, there were 30 treated eyes. For animals that received monocular treatment,
the treated eye was randomly determined. Normal eyes were those that had not yet begun
any lens or diffuser wear; most were pre-treatment measures at the start of treatment. For
analysis purposes, the control eyes were grouped with the normal eyes because numerous
studies in this lab have found that the refractions of the control eyes do not differ signifi-
cantly from normal (Siegwart and Norton, 1993). One animal included with the normal
group was measured at 1937 DVE, after recovering for over 5 years from brief binocular

+5 D lens wear. Its refractions appeared normal at this point so it was included in the
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normal group. Measurements were made between 10 days after eye opening (days of vis-
ual experience [DVE]) and 1937 DVE (median = 23.5 DVE). The range of the ages at
which the animals were measured was: normal and control, 10 to 1927 DVE,; treated, 10
to 47 DVE).

Because the objective of the normal eye study was to compare A-scan and Lenstar
measures on as many eyes as possible, the two eyes of normal animals were measured
with both instruments and the eyes were considered individually in the normal eye analy-
sis. During treatment, the animals wore a binocular goggle in which the monocular treat-
ment lens (minus lens, plus lens, or diffuser) was held (Figure 9).

Measurements made by both the A-scan and Lenstar were rarely performed on the
same day. A comparison was performed on all the measured eyes and a range of no
greater than three days was found to be the largest available difference between the two
systems. A cutoff of three days maximum between A-scan and Lenstar measures was uti-
lized for all animal groups. This cutoff was utilized because this was the common spread
of days between which the A-scan measures were performed and the Lenstar measures
were performed. For analysis, the age of measurement was the average of the two differ-

ent ages of measurement.
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Figure 9. Image shows a juvenile tree shrew that was undergoing lens treatment. The
pedestal had been installed and was holding the goggle system. The left eye is the control
eye while the right is receiving treatment with a lens. Depending on the type of lens the
animal received the emmetropization mechanism could cause it to become myopic or hy-
peropic. The Lenstar and A-scan measures were used to determine how the ocular com-
ponents changed in the treated eyes. Photo from Norton lab image library.
Pedestal Installation

In order to hold a lens or diffuser in place in front of an eye, a dental acrylic ped-
estal was attached to the skull of all animals in this study using published procedures
(Siegwart & Norton, 1994). At the age determined by the experimental protocol (typical-
ly at 10 DVE or 21 DVE), each animal was anesthetized (ketamine 17.5 mg; xylazine 1.2

mg, supplemented with 0.5% to 2.0% isoflurane as needed) and received the dental acryl-

ic pedestal.
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Refractive Measurements
To assess whether eyes were developing normally or if they were developing an
induced myopia or hyperopia, non-cycloplegic refractive measurements were taken with
a Nidek autorefractor in non-sedated animals on a schedule that depended on the treat-
ment of the animal. Some were measured each day, while others were measured before

treatment and on the last day of treatment.

A-Scan Measurements

A-scan ultrasonographic measures were performed under anesthesia (17.5 mg/kg
ketamine HCI with 1.2 mg/kg xylazine, i.m.). While anesthetized, the head of each ani-
mal was positioned so that the cornea was perpendicular to the measuring A-scan probe.
The heart rate was constantly monitored with an audiomonitor and the tear film was
maintained through periodic application of artificial tears (Liquifilm Forte, Allergan)
(Norton and McBrien, 1992).

A 15 MHz 6.35 mm ultrasound transducer focused at 20 mm powered by a
Panametrics 5052 pulser/receiver was used for the A-scan measures. A 14 mm standoff
filled with 0.9% saline provided coupling of the pulser/receiver to the cornea, which was
anesthetized with 0.5% Proparacaine hydrochloride solution (Bausch and Lomb). Return-
ing echoes from the intraocular surfaces were first passed through a preamplifier (Accu-
Tron Inc., Model 3080) followed by a Tektronix 7603 oscilloscope with a 7D20 digitizer
plug-in. Pulses were produced at approximately 5000/sec. The signal-to-noise ratio was
enhanced by averaging eight waveforms. Six of the averaged waveforms were collected

per eye, stored on a computer, and analyzed using a waveform analysis package (TAMS,
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Tektronix Inc.) (Norton and McBrien, 1992). The measurements between ocular surfaces
were made to a precision of 0.025 us and the conversion of time to distance used the pre-
viously published conduction velocity values for anterior segment of 1557.5 m/sec, lens
conduction velocity of 1723.3 m/sec (Marsh-Tootle and Norton, 1989; Norton and
McBrien, 1992), and 1540 m/sec for vitreous (Coleman et al. 1977). These standard con-
duction velocities were used to convert echo times to distances.

Four components were measured with the A-scan system: anterior segment depth
(cornea plus anterior chamber), lens thickness, vitreous chamber depth (measured to the
front of the retina), and axial length, which was the sum of the three ocular component
dimensions.

TAMS (Tektronix Inc.) was used to analyze the A-scan waveforms. This software
package gave the operator the ability to measure the anterior segment depth, lens thick-
ness, vitreous chamber depth, and axial length. This program contained cursors that could
be moved by the operator to find the waveform peaks (Figure 5). After each eye was ana-
lyzed using the TAMS software, the conduction velocities were used to convert time

measurements into distance measurement.

Lenstar Measurements
Lenstar optical biometric measurements were made in un-sedated animals while
the animal was gently restrained on a plastic stand in front of the instrument. The Lenstar
was focused and aligned using the image of the eye on a monitor. Sixteen waveforms
were averaged and a total of three averaged waveforms were collected automatically by

the machine. Only those averages that had clear peaks at each ocular surface were kept. A
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total of seven components (cornea, anterior chamber, lens, vitreous, retina, choroid, and
axial length) were measured using analysis software (Haag-Streit EyeSuite).

To obtain measures of the ocular components from tree shrew eyes, the operator
had to confirm that the software had placed a series of cursors in the correct location, or
move the cursors to the appropriate location (Figure 8). Because the Lenstar system was
designed for human eye measurements, many of the six cursors had to be manually ad-
justed for tree shrew eyes. The software provided measurements between cursors with the
following resolution: corneal thickness (0.001 mm), anterior chamber depth (0.01 mm),
lens thickness (0.01 mm), axial length (0.01 mm), retinal thickness (0.001 mm), and
choroidal thickness (0.001 mm). Because the Lenstar measures more components than A-
scan, some measurements made by the Lenstar were combined in order to be comparable
with the A-scans measurements. These components were the corneal thickness and ante-
rior chamber depth which combine to be the anterior segment depth. The EyeSuite soft-
ware does not provide a direct measurement of vitreous chamber depth. This was calcu-
lated by subtracting the corneal thickness, anterior chamber depth, lens thickness, and
retinal thickness from the axial length value provided by the software. As will be de-
scribed in the Results, the vitreous chamber depth values obtained by subtracting the oth-
er components from the overall axial length value provided by the software gave numbers
that were substantially smaller than those obtained from the A-scan system. It appeared
that the Lenstar axial length value is calculated using an average overall human eye re-
fractive index that is inappropriate for tree shrew eyes. It is likely that this difference oc-
curred because the tree shrew crystalline lens is proportionately thicker than the human

lens, so the light spends more time in the lens in tree shrew and lens refractive index is
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higher than that of other ocular components. To obtain a direct measure of vitreous
chamber depth the retinal cursors, which can be moved in the international version of the
software, were manually positioned at the posterior lens surface and the front of the reti-
na. Similar values were obtained using the lens cursors, but the retinal cursors provided 3

digits of resolution whereas the lens cursors only provided values to the nearest 0.01 mm.

Data Analysis

Values from the A-scan and Lenstar analyses were entered into an Excel spread-
sheet and values for anterior segment, lens thickness, vitreous chamber depth, and axial
length were compared. Measurement variability was calculated on 10 randomly selected
animals from a pool of all animals. The variability was calculated by taking the variance
(VAR). These variances were the VAR of 3 measures made with A-scan and 3 with
Lenstar on a single eye, and the average of the individual VARSs were calculated. Coeffi-
cient of determination values (r?) were used to evaluate the correlations between the two
methods. The method described by Bland and Altman (Altman and Bland, 1986) was
employed to determine whether the differences between the A-scan and Lenstar measures
varied based on eye size. The Bland-Altman method plots the difference between the
measurements from both systems against the average of the measurements for each ani-
mal. The 95% limits of agreement were defined as mean + 1.96 times the standard devia-
tion (SD) of the differences between both systems. A t-test was used to determine signifi-
cance of the slope for the correlation plots. The cutoff for significance was defined as

p < 0.05. A t-test was used to determine whether the repeatability for each system using
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three waveforms was significantly different. Correction factors were calculated by taking

the ratio of the pooled average A-scan component over the Lenstar component.
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CHAPTER 3

RESULTS

The ocular component dimensions measured in normal and control eyes with A-
scan are provided in Table 1. A-scan measures of the ocular components in treated eyes
are provided in Table 2. These are the values against which the Lenstar measures (also
listed in Tables 1 and 2) were compared.

The vitreous chamber depth values from the Lenstar in Tables 1 and 2 were made
using the retinal cursors. The reason is shown in Figure 10, which compares the vitreous
chamber depth obtained by subtracting the other ocular components from the axial length
provided by the EyeSuite software (magenta circles) with measures made using the reti-
nal cursors (blue squares). Clearly, the calculated values were much smaller than the
measured values. It also was found that if the anterior retinal cursor was moved in the
course of measuring retinal thickness, the axial length value provided by the EyeSuite
software changed, even though the posterior retinal cursor remained in place. This sug-
gested that the axial length value was calculated in the EyeSuite software using an aver-
age human refractive index and was inappropriate for calculating vitreous chamber depth
or measuring overall axial length in tree shrew. Vitreous chamber depth measures made
with the retinal cursors were used for comparisons between the A-scan and the Lenstar.
The axial length values for the Lenstar in Tables 1 and 2 are the sum of the individual

ocular components, as was also the case for the A-scan axial length.
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Figure 10. Lenstar LS 900 measures of vitreous chamber depth. Vitreous chamber depth
calculated by subtracting ocular components from the axial length provided by the Eye
Suite software (magenta circles) and vitreous chamber depth measured using the retinal
cursors (blue squares). Comparison shown includes 20 randomly-selected eyes measured
using both methods of calculating vitreous chamber depth.

As seen in Tables 1 and 2, the values of the ocular components in the normal and
control eyes and in the treated eyes made with the two systems were very similar, but for

each component, the Lenstar values were slightly, and significantly, smaller than the A-
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scan values. This was true not only for the normal and control eyes, but also for the treat-
ed eyes.

Measurement variability was also calculated among the four components (anterior
segment depth, lens thickness, vitreous chamber depth, and axial length) using the
Lenstar and A-scan system. The variability was calculated by taking the variance (VAR)
of 10 randomly selected animals (20 eyes). These variances were the VAR of 3 measures
made with A-scan and 3 with Lenstar on a single eye, and the average of the individual
VARs were calculated. Anterior segment depth had a variance of 0.020 mm with the A-
scan and 0.017 mm with the Lenstar. Lens thickness was found to have a variance of
0.006 mm with the A-scan and 0.014 mm with the Lenstar. Vitreous chamber depth had a
variance of 0.002 mm with the A-scan and 0.005 mm with the Lenstar while axial length
had a variance of 0.005 mm using the A-scan and 0.004 mm using the Lenstar. The vari-
ances between both methods were found to be significantly different for only lens thick-
ness. After looking at the analysis both systems appear to have similar variability be-
tween anterior segment depth, vitreous chamber depth, and axial length.

Correction factors were calculated by taking the A-scan measurement/Lenstar
measurement for each component. Table 3 lists the correction factors calculated using the
pooled data (n=146). It can be noted that the axial length did not need a correction factor
after the anterior segment depth, lens thickness, and vitreous chamber depth had been
calculated because those components make up the axial length. Following the addition of

each factor the system differences were no longer significant.
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Table 1

A-scan and Lenstar measurements of anterior segment depth (ASD), lens thickness (LT),
vitreous chamber depth (VCD), and axial length (AL) in 86 normal and 30 control eyes.

Component  Method Average Difference Difference r? Slope
(mm) (mm) (%)
(mean £ SD) (mean £ SD)

ASD A-scan 0.97 £ 0.05 -0.06 + 0.04* 6.60 0.49* 0.62
Lenstar 0.91+0.04

LT A-scan 3.18+0.10 -0.08 + 0.05* 2.48 0.80* 1.07
Lenstar 3.10+0.12

VCD A-scan 2.874+£0.06 -0.057 +0.028* 2.00 0.77* 0.80
Lenstar 2.827 £ 0.05

AL A-scan 7.03£0.15 -0.20 = 0.04* 3.06 0.95* 1.10
Lenstar 6.82+0.17

*p<0.05
Table 2

A-scan and Lenstar measurements of anterior segment depth (ASD), lens thickness (LT),
vitreous chamber depth (VCD), and axial length (AL) in 30 treated eyes.

Component  Method Average Difference Difference r’ Slope
(mm) (mm) (%)
(mean + SD) (mean = SD)
ASD A-scan 1.01+0.05 -0.06 + 0.03* 5.93 0.56* 0.54

Lenstar 0.96 +0.04

LT A-scan 3.43x0.24 -0.04 + 0.05* 1.29 0.97* 1.04
Lenstar 3.38+0.25

VCD A-scan  2.912+0.16 -0.063 +0.03* 2.18 0.96* 0.95
Lenstar 2,850 +0.15

AL A-scan  7.36+0.23  -0.19+0.04* 2.55 0.97* 1.01
Lenstar  7.17+0.24

* 1 < 0.05
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Table 3

Correction factor for Lenstar values

ASD LT VCD AL

1.0655 1.0200 1.0203 N/A

Aim 1: Detailed Comparison Between Systems

Figures 11-14 and the system differences (Lenstar — A-scan) listed in Aim 1 con-
tain the pooled data from the 146 normal, control, and treated eyes. Figure 11A compares
the anterior segment values measured with A-scan and Lenstar. The average anterior
segment difference (Lenstar minus A-scan) was found to be —0.60 £ 0.04 mm. The
Bland-Altman analysis confirmed that the Lenstar measures of anterior segment depth are
smaller than those made with A-scan ultrasonography for all eye sizes. The slope of the
Bland-Altman plot, —0.13, was not statistically significantly different than zero (Figure
11B). Thus, differences between the two measures did not change as a function of anteri-
or chamber depth. A correction factor of 1.0655 was applied to the pooled data of the an-

terior segment making the Lenstar not significantly different than the A-scan.
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Figure 11. Anterior segment depth measured with A-scan ultrasonography and the
Lenstar LS 900. (A) Correlation between A-scan and Lenstar. The Lenstar measurements
were slightly smaller than the A-scan across all eyes. The larger eyes were those of older
animals. The dotted line is the regression. (B) Bland-Altman plot. The dotted line is the
regression line and shows the slope of the Bland-Altman plot. The dashed lines indicate
the 95% limits of agreement. The solid black line is the mean difference (Lenstar minus
A-scan).

Figure 12A compares the lens-thickness values made with the A-scan and the
Lenstar. On average the lens thickness measured with the Lenstar was smaller than that
made with A-scan; the difference was —0.06 £ 0.05 mm. The Bland-Altman analysis
(Figure 12B) confirmed that the Lenstar measures of lens thickness are smaller than A-
scan and showed that this occurs at all lens thicknesses included in this study. The slope
of the Bland-Altman analysis, 0.09, was found to be significantly different than zero indi-
cating that thicker lenses have a smaller Lenstar — A-scan difference than thinner lenses.

A correction factor of 1.0200 was applied to the pooled data of the vitreous chamber

depth making the Lenstar not significantly different than the A-scan.
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Figure 12. Lens thickness measured with A-scan ultrasonography and the Lenstar LS
900. (A) Correlation between A-scan and Lenstar. The Lenstar measurements were
slightly smaller than the A-scan across all eyes. The larger eyes were those of older ani-
mals. (B) Bland-Altman plot. The lens thickness figures had the same line descriptions as
listed in Figure 11.

Figure 13A compares the vitreous chamber depth values made with the A-scan
and the Lenstar. On average the vitreous chamber depth measured with the Lenstar was
smaller than that made with A-scan; the difference was —0.06 = 0.04 mm. The Bland-
Altman plot illustrated that the Lenstar measures of vitreous chamber were smaller than
the measures made with A-scan (Figure 13B). The slope of the Bland-Altman, —0.05, was
not significant indicating that the difference between the two methods did not change as a
function of vitreous chamber depth. A correction factor of 1.0203 was applied to the

pooled data of the anterior segment making the Lenstar not significantly different than

the A-scan.
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Figure 13. Vitreous chamber depth measured with A-scan ultrasonography and the
Lenstar LS 900. (A) Correlation between A-scan and Lenstar. The Lenstar measurements
were slightly smaller than the A-scan across all eyes. The larger eyes were those of older
animals. (B) Bland-Altman plot. The vitreous chamber depth figures had the same line
descriptions as listed in Figure 11.

Figure 14A compares the axial length values made with the A-scan and the
Lenstar. On average the axial length measured with the Lenstar was smaller than that
made with A-scan; the difference was —0.20 = 0.04 mm. The Bland-Altman analysis
(Figure 14B) confirmed that the Lenstar measures of axial length are smaller than A-scan.
The slope of the Bland-Altman analysis, 0.09, was not significant. Thus, differences be-
tween the two methods did not change as a function of axial length. After using the cor-

rection factors for the other three components the axial length measured by the Lenstar

was no longer significantly different than the A-scan.
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Figure 14. Axial length measured with A-scan ultrasonography and the Lenstar LS 900.
(A) Correlation between A-scan and Lenstar. The Lenstar measurements were slightly
smaller than the A-scan across all eyes. The larger eyes were those of older animals. (B)
Bland-Altman plot. The axial length figures had the same line descriptions as listed in
Figure 11.

Aim 2: Treated — Control Differences

The second aim of the study was to examine differences between treated (myopic
or hyperopic) eyes and their fellow untreated control eyes to learn whether the Lenstar
provides a similar measure to the A-scan. Ocular component differences between systems
are listed in Figures 15 &16; they consist of data from 30 animals in which one eye had
received treatment while the other was a control. Table 4 consists solely of data from 24
minus lens animals. When the two systems were compared using only the animals that
wore a minus lens vitreous chamber depth and axial length were significantly larger in
the treated eyes (p < 0.05; Table 4). The average treated — control eye difference between
the anterior segment depth was 0.01 + 0.04 mm with A-scan and 0.01 + 0.02 with the

Lenstar. The Lenstar — A-scan system difference was found to be 0.00 + 0.02 mm (Table

4). The differences between the treated and control eyes were found to be significantly
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correlated on all components except lens thickness using both methods (p < 0.05). The
system differences (Lenstar vs. A-scan) were not significantly different on any compo-

nents (Table 4).

Table 4

Comparison of treated minus control eye differences using A-scan ultrasonography and
the Lenstar LS900.

2

Component System difference Treatment r Slope
(mm) effect
(mean + SD) p value
ASD 0.00 £ 0.02 >0.05 0.33* 0.284
LT 0.01+0.03 >0.05 0.09 0.143
VCD —0.011+0.03 <0.05 0.97* 0.962
AL —0.013+0.05 <0.05 0.91* 0.955
*p<0.05

The average treated — control eye lens thickness difference was —0.01 + 0.04 mm
for A-scan and —0.01 + 0.04 mm for the Lenstar. The Lenstar — A-scan system difference
was found to be 0.01 + 0.03 mm (Table 4). Lens thickness did not change in treated eyes.

Vitreous chamber depth was significantly larger in minus lens treated animals.
The mean value for treated — control eye vitreous chamber depth differences was 0.110 +
0.12 mm for A-scan and 0.097 + 0.12 mm for the Lenstar. The Lenstar — A-scan system
difference was —0.011 £ 0.03 mm (Table 4). The Bland-Altman analysis (Figure 15B)
confirmed that the Lenstar measures of vitreous chamber depth difference are slightly
smaller than A-scan. The slope of the Bland-Altman analysis, —0.05, was not significant.
The difference between the two methods did not change as a function of vitreous cham-

ber depth.
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Figure 16. Treated minus control eye difference in axial length measured using A-scan
ultrasonography and the Lenstar LS 900. (A) There was a high correlation between the
treated vs. control eye difference measures with the two methods. (B) Bland-Altman plot.
The axial length figures had the same line descriptions as listed in Figure 11.
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Because of the vitreous chamber depth in minus lens treated animals the average
treated — control eye difference between the axial length was 0.10 = 0.12 mm with A-
scan and 0.09 = 0.12 with the Lenstar. There was a small Lenstar — A-scan system differ-
ence, —0.013 £ 0.05 mm (Table 4). The slope of the Bland-Altman analysis, 0.03, was not
significant (Figure 16B). The difference between the two methods did not change as a
function of axial length.

Vitreous chamber depth differences were plotted against refractive error differ-
ences for both systems (Figure 17), including only treated and control eyes. The differ-
ence in vitreous chamber depth per diopter difference was 27.2 um/D for A-scan and
26.1 um/D for Lenstar. A-scan vitreous chamber differences versus refractive error dif-
ferences showed a significantly high correlation (r* = 0.96; p < 0.05). Similar to the A-
scan, the Lenstar vitreous chamber differences vs. refractive error differences showed a
significant correlation (r? = 0.95; p < 0.05). The Lenstar plot also had additional plus lens
treated animals to show that the Lenstar could accurately measure myopic shifts as well

as hyperopic shifts.
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the two systems were not significant.
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CHAPTER 4

DISCUSSION

A-scan ultrasonography has been a well-established optical component analysis
technique in tree shrew myopia studies for many years. The accuracy of the A-scan was
tested in the Marsh-Tootle and Norton paper (1989). A-scan ultrasonography was com-
pared to frozen sections of the tree shrew eye. The mean axial lengths for experimental
and normal eyes were compared between the A-scan measurements of axial length com-
pared to those measured with the frozen sections (Marsh-Tootle and Norton, 1989). A-
scan ultrasonography measured the treated axial length as 8.07 + 0.14 mm and the control
eye as 7.74 = 0.10 mm. The frozen sections were 8.27 = 0.23 mm while the control was
7.92 £ 0.13 mm. Sherman et al. (1977) used a micrometer to measure axial length in
treated and control eyes. They found that in each case, the deprived eye was longer than
the control eye. Axial length values were very similar between both the Marsh-Tootle and
Norton paper (1989) and the Sherman et al. paper (1977). The deprived (treated) axial
length was 8.13 + 0.17 mm for the Sherman article compared 8.07 + 0.14 mm for the
Marsh-Tootle and Norton paper. The open (control) axial length was 7.76 £ 0.03 mm for
the Sherman article (1977) and 7.74 £ 0.10 mm for the Marsh-Tootle and Norton paper
(1989).

The comparison between A-scan ultrasonography and the Lenstar optical

biometer was performed in the present study to determine if the newer technology,
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Lenstar, could be used in place of the A-scan. This is the first comparison between these
two systems in tree shrews. The vitreous chamber depth, calculated from the standard
Lenstar cursors, substantially underestimated vitreous chamber depth when compared to
the A-scan measures. Using retinal (or even lens) cursors to measure vitreous chamber
depth provided much more comparable results.

As expected, because both tools measured the same eyes, the measures of all
components were significantly correlated with these two systems. More importantly, a
small consistent offset was also found in all the component measurements between the
two systems such that the Lenstar values were slightly smaller than the A-scan values.

Analysis of the treated minus control differences led to a significant treatment ef-
fect, for myopic eyes, in the vitreous chamber depth and axial length. This was expected
because the vitreous chamber depth is what primarily increases when an eye receives mi-
nus lens treatment and the vitreous chamber is included in the axial length calculation.
The anterior segment depth and lens thickness did not change in minus lens animals as
found in previous studies (Marsh-Tootle and Norton, 1989; Siegwart and Norton, 1998).

Overall, measuring the eyes with both the A-scan and Lenstar systems appears to
give a small consistent offset in measurements. When both methods were compared, the
Lenstar consistently measured a smaller component than the standard system, A-scan ul-
trasonography. The Lenstar system is calibrated for human eyes only while the A-scan
system in the lab is currently calibrate for tree shrew eyes. The Lenstar has been used on
human patients to determine the correct intraocular lens. This comparison between sys-
tems had a few limitations. The correction factors calculated for the tree shrew eyes do

not apply to animals with smaller and larger eyes however the ratio (A-scan/Lenstar)
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could still be used to calculate a set of correction factors for certain eye sizes. This analy-
sis was also performed on animals that had system measurements up to three days apart.
A follow-up study could be performed where both A-scan and Lenstar were used during
the same measurement session. However, a tree shrew eye even at three days between
measurements would not change greatly. Anterior segment depth, lens thickness, and axi-
al length should not change much at all while the vitreous chamber depth on average
would not grow more than 10 pm.

The results in Aim 1 and Aim 2 support the very strong similarities between the
measures made with the two systems. They both appear to give similar values on all four
components and both appear to have similar offsets in the components that change when
the eye is treated with minus and plus lenses. Therefore it appears that the Lenstar optical
biometer can be used in place of A-scan ultrasonography to measure the ocular compo-
nents of tree shrew eyes. This would make ocular component scans easier because the
animals would not need to be anesthetized and scans each day can be performed.

Similar studies have been done that compare ultrasonography with optical
biometers in the human population. Cruysberg et al. (2009) found the Lenstar had small
but significant differences between the Visante AS-OCT and the IOL Master among
ACD and AL. It was concluded that these machines could not be used interchangeably. A
pediatric population was tested with the Lenstar and ultrasound biometry. Gursoy et al.
(2009) found statistically significant differences in all parameters between the Lenstar
and the A-scan, in the pediatric population. However, all the parameters obtained by the
Lenstar and the contact devices were significantly correlated with each other. For

cataractus eyes in the human population, a significant correlation between anterior cham-
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ber depth, lens thickness, and axial length was found between the Lenstar and contact ul-
trasound biometer (Tomey-AL 3000) (Tappeiner, 2010).

Very few studies have been conducted comparing these systems and none of them
have been performed in tree shrews. Compared with the human studies, similar results
were found while the Lenstar showed less deviation from our measurements in tree
shrew. Human use appears to find that given a significant correlation yet a significant dif-
ference, interchangeability is not possible. A similar comparison was done in chicks and
showed a similar conclusion with anterior segment depth, vitreous chamber depth, and
axial length (Penha et al., 2012). Both found significant correlations between ASD, VCD,
and AL. With chicks, more research is needed to determine if the two systems could be
used interchangeably. Changes in ocular dimensions induced by treatment was easily re-
solved and very similar between the two systems. Perhaps given the refractive indices of
the ocular components, one could provide a more accurate measurement compared to A-
scan. Given technological advances in optical measurement, both systems represent pow-
erful improvements with the Lenstar being a recent alternative to A-scan ultrasonogra-
phy. If the adjustment factors are applied consistently to all measurements done by the

Lenstar, then the Lenstar and A-scan give analogous measurements.
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