Semi-Automatic Extraction Algorithm for Visante2 OCT
Images of the C iliary Body
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The Zeiss Visante? Optical C oherence Tomographer (OCT) was designed to quickly image the anterior segment of the
eye. Recently, it has been used to image the ciliary body in vivo in studies of presbyopia and myopia development. A
robust semi-automatic algorithm was developed to extract the dimensions of the ciliary body efficiently and objectively
from the Visante? image files. Interclass correlation values for single measurements of the thickness and cross-sectional
area of the ciliary body ranged from 0.51 to 0.72. Analyses of the measurement variability suggest that a measurement
with the precision of an interclass correlation of 0.85 can be achieved if the mean of measurements from six ciliary body
images is used in analysis. This semi-automatic algorithm will facilitate the clinical study of large datasets in studies of the
ciliary body.
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R. Tamm & LutjedDrecoll, 1996)indirect measures of
contraction(Fisher, 1977; Swegrkal969)and imaging of
The human Ci”ary muscle is a muhit smooth animal mﬂﬂ9|3(cr0ft et al., 1998, Poyer, Kanman, &

muscle under the control of the autonomic nervous systent:lugel, 1993)n order to undestand thenormal function
The muscle itself is contained within the largigarg body,  ©f the ciliary bodys well ashangeshat occurwith age
along with conneate ad vascular tissues, and it is and myopia developmentimproved imaging techniques
approximately 8mm in length in adultéPardue & Sivak, are equired.
2000; E. R. Tamm & Lutjebrecoll, 1996) With \
accommoetion, the cilary muscle contracts and shifts /——\,\/W/
inward resulting in a decrease in the ciliary ring diameter
and dlowing the lens thvave asteepecunature(Croft &
Kaufman, 2006)The dimensions of the ciliary body have
been measured in studies of prepyPardue & Sivak,
2000; S. Tamm, Tamm, & Rohen, 199f)e use of
prostaglandin analogs in gtama(Marchini, Ghilotti,
Bonadimani, & Babighian, 2003nd more recently, in
studies of myopi@Bailey, Sinnott, & Mutti, 2008; Oliveira,
Tello, Liebmann, & Ritch, 2005)

Because of the location of the ciliary body, behind the
iris on the inside of the scleral wall (Figureif)vivo Figure 1. The ciliary body within the anterior segment of the eye

imaging of the ciliary body has not historically been a  The development of the Zeiss Visante? Anterior
routine procedure. Thus, ost of our knowledge of the Sement Optical Coherence Tomograph@®CT, Carl
ciliary body is based on histol¢Bgdue & Sivak, 2000; E.  zejss Medited)as allowed for necontact imaging of the

cornea

sclera

ciliary muscle




ciliary body, which is especially important for pediatricspherical equivalent from five measuents wa used in

research(Bailey et al., 2008he principles used for ieal
OCT were modified in the Visante? by integrating a

analys.
The nasal ciliary body of each subject was imag

longer wavelength of light to allow imaging of the anteriothrough the sclera (Figure 2) while the subject viewed

sgment of the eye. The Visaftis a time domain OCT,
designed to provide quick, high resimn, crossectimal
images of the cornea and anterior chamb€his
technology does not requirentact with the eye or dilation
of the pupil A study by Dada and -emrkers has shown

that the measurements taken from Visante? images of thed.0 was applied

anterior segment agreed wellhwinheasurements taken
from ultrasound biomicroscopmagegDada et al., 2007)

externaltarget. Images were dbtd in Ohighesolution
corneal mode,O a higésolution imaging mode available
with the Visante? 1.0 sotware. Six images of the ciliary
body were obtained with the patient beingaligned
between each measurement. Afanm refractive index of
to the entire image before any
measurements were made for either methestribed
below.

Increased use of the Visante? to obtain images of the

ciliary bodyfor presbyopia and myopia researbas
necesitated thedeveloment of a method to objectively
and acuratelyacquire dimensional data from the images
Active contour models have been successfully applied
image segmentation in many types of im@gselles,
Kimmel, & Sapiro, 1997; Chan & Vese, 2001; Cohen &
Cohen, 1993; Kass, Witkin, & Terzopoulos, 1987; Vese
Chan, 2002; Xu & Prince, 1998These mdels can
produce sudpixel accuracy of object boundaries,
incorporate regional information for robust segmentation,
and provide smooth and closed contours of the object
interest. Recently, a new active contour mbdséd on a
local binary fitting engy was proposed to support
magnetic @sonance images with intensity
inhomogeneityLi, Kao, & Ding, 2007; Li, Kao, Gore, &
Ding, 2008) This model was adigu to segment ciliary
body images acquired with thisdhté.

Study Design
Subjects

(0)

Ciliary Body Measurements with Calipers

Thickness masurements were obtained @m
Qosterior to the sclerapur (Figure 3) using calipers in the
Wsante2 softwae as previously descrii@ailey et al.,
2008) Thickness measurements were detag on each of
the six nages by one examiner (LEE) and then the positic

nd application of the calipers was verified by an additior
examiner (MDB). The data were entered into an EXxc
spreadsheet.

éemi-automatic Extraction Alg orithm

The images wesxported as JPG files and imported
into Matlab for eltaction with the sermutomatic
algorithm, described in detaélbw.

Preparing the Images for Analysis: Region of | nterest

and Down -Sampling

The images acquiragiith the Visante OCT are RGB
images638 by 816 by FFigure 2) The Visante creates
color imagedue to the heademut the actual anterior
segment argéaa graypcalerage.

The first step in the extraction process was to manua
select the location of the sclera spur. As with the calip

A crosssectional study of 23 subjects between the ag@Sethod, a trained examiner (MDB) visuatigpected the

of 18 and 40 years was conducted. The Ohio Stalgyage and clicked on the scleral spur (denoted in pin
UniversityOs Biomedical Sciences Institutional ReV'e#‘{gure 4). The scleral spur was manually selected th

Board, in accordance with the tenets of the Declaration Qfmes for each image, and the mean of the three selectic
Heldnki, approved the study protocol. Subjects wergyss ysed as the final ’Iooatiof steral spur.

educated on the purpose of the study, and informed The region of intereswas isolatetry eliminating the
consent was obtained from each subject before beginnipg,e color ([0,0,50]) portion arttie black region ([0,0,0])
the study. Subjects werenuited using posters andmail  5h0ve it (Figure 2). The width was chosen to be 1 mm
announcements at The Ohio State Univgrsi the left and 6 mm to the right of the selected scleral spt
This resuked in a smallermage shown in Figure .4The
imagewas stored in a 324 b§92 data array whickvas
obtained fromdeletingthe unwanted region in one of the
RGB chanels.

Measurements

Refractive error and ciliary body thickness
measuements were made under cycloplegic conditmms
on right eyes onlyOne drop of 0.5% proparacaine . . . . .
hydrochloride ophthalmic solution was given, followed by BecauseVisante images are h*@"ﬁo'.u“on mages
two drops of 1% tropicamide bhalmic solution procesmg_the orlglnalrav_v Imagess time |nten5|veThe
administered five mutes apart. Testing was completed 30t|r:ne_ requwetd fc;fr antﬂ){ﬁ's. was _recliugecdj_chw? smp:mg
minutes after the first drop of tropicamide. Refractive erro € Images to oReur €ir original sizerior to analysis

: . II[n Matlab, this was implemented by using B
was measured with a Grand Seiko autorefratha.mean imresize(A, 1/4,0bicubic®) which abmielowpass fiker



before the bicubic intepolation to reduce aliasingigure
5 shows the dowsampled image with the size 81.B§

Region -Scalable Image Segmentation Algorithm
1: Extracting the Ocular Structure from the
Background

Step

by repeating the algorithm on the high resolution image
for a few time steps until it converges. (Figure 7(b)). A le
squares method was used to fit a parabola to the upy
contour of the green curve. The region of ciliary body wi
segmented by sedieg the region below theambola (pi

p4$3) that was inside the outline of the sclera and cilia

The first step in the regiestatble image segmentation pogy (red line). When a segment of the iris was visible
algorithm was to delineate the ocular structures from thehe images, it was removed bjofeing the curve below

background. This was necessary so that the otherwise dagkeral spufrom p1 to p2. The final red of the algorithm
ciliary body area could be extracted from the lighter oculgg show in blue in Figure 7(c).

structures.The process of delineation is illustratgdthe
red outlines in Figure 6 A regionbased segmentation

mode| that used the intensity information in local regions

at a controllable scal&vas employedlhe nethematical
foundation for the model is provided in Appendix A.
Parenthetical remarks refdo notation used in the
Appendix.

The delineation processbegan bygenerdhg an
approximation of the shape of the ocular structucesve

) to serve_as a starting pofathich was represented as

|¢(x)=0}). A simple vy to generatghe initial
approximation was to find the regiowhere the pixel
intensity was greater than the mgaowever, the badary
of this regionwas usually not smooth apnéten contained
multiple subregionsof pixel intensity (Figure 6d)ilating

Ciliary body measurements  with Matlab

Based on the final ciliary body outline in Figure 7(c
thickness measurements were then obtained mm]l 2
mm, and 3 mm (CBT1, CBT2, CBT3)osterior to the
sderal spur (Figure 8 The crossectional area gfortions
of the first threemillimeters of the ciliary bod{CBA1,
CBA2, and CBA3Wwas also measurddeasurements were
made by counting the pixelin each portion and
multiplying by the image resolution (Imm82 pixels in
the original image)These initial measement points were
chosen for this initial investigation, but other ciliary bod
and steral measurements could also be obtained with tr
algorithm (Fgure 8)

this region with a rolling ball of radius 10 pixels gave Statistical Analyses

better initial approximation of the outlindFigure §b)).
From the starting point, he ocular structure outline
evolved accding to themodel described in appendix A
and approacttk the bounday of sclera and ciliary body
togeher as shown in Figei 6(c) and @).

Region -Scalable Image Segmentation Algorithm
2: Extracting the Ciliary Body from the Ocular
Stru ctures:

An approximation of the initial contour of ciliary body
(Figure 7) was e on the histological data from the
literature, indicating that the ciliary body wasially 4
6mm long and 2 mm wide at the point of greatest
thicknesqPardue & Sivak, 2000; E. R. Tamm & Lutjen
Drecoll, 1996)In Figure 7(a), pl is the location of the

Step

As described aboveeasurements for CBT2 (ciliary
body thickness 2 mm posterior to the scleral spur) we
made using both the Matlab algorithm and tlisavite?
software caglers.Measurements of ciliary body thickness ¢
1 mm (CBT1) and 3 mm (CBT3) pesor to the scleral
spur and crossectional area for the first 1 mm (CBA1l), 2
mm (CBA2), and 3 mm (CBA3) of the ciliary body wer
only made with the Matla algorithm.For each sject, 6
measurements of each variable were taken. Statist

ardyses of the measurements focused on the
repeatability.
The intraclass correlation coefficient (ICC) wa

estmated for each measure. The ICC is a repeatabili
indicator that is sensitive to consistency in the ranking ¢

manuallyselected scleral spur efdribed above). The individuals. Variability in measurements includes bot
second and third points (p2 and p3) were selected on tHyologcal variability and measurement error. The ICC i

lower branch of the red curve, 1.2mm and 6momfthe
sclera spur in the hi@montal direction, respectively. A point

the pation of overall measurement variability that is
biological variability. The high the ICC, the more

0.5mm above a line from pl to p3 (Figure 7, purple |ines:onsistent the measure. With h_igh.er ICC,_the nuisance |
and half way between p1 and p3 served as the fourth poimeasurement error within an individual is less likely t

(p4). A parabola was constructed passing thouphy8,

result in an error in the estimate of his relative rankin

and this geerated a reasonable guess of the uppeWithin the popudtion. The ICC is a number between 0

boundary of the ciliary body. Contieg all the points

and 1. here is no consensus on what is an adequate IC

created an initial closed contour approximation for theNunnally suggests that values greater than 0.80

outline of the ciliary body (@ire 7(a)).
Instead of considering the whole image don§ain,
only the energy defined on the regi@, inside of the red

adequate for research tofMsinndly & Bernstein, 1994)
An ICC can be increased by using the withibject
average of repeated measurements. The averaged vi

curve was considered (Appendix B). When the energy waVe less withisubject error, thus increasing thetipm of
minimized, the curve stopped at the boundary of C”iar)(pverall measurement variability that is biological variabilit

body. The contour of the ciliary body was thentfined



For each measure, we estimated the increase in ICC Visual inspection of Blanéltman difference versus
provided by usingvaraged data. mean plots for the various thickness and are
A BlandAltman analys{Bland & Altman, 1986was measurements did not reveal any relationship between 1
also used to assess the consistency of each ciliary boepeatability of a measure and the magnitude of tt
measure. Statistics from a Bla@{timan analysis indicate measurement. Results of the analyses are presentec
how mepeatable a measure is in absolute terms. For thEable 2. The mean of the differences was not significan
analysis, the first and last of the six measurements wetdferent from zero for any of the thickness or area variab
chosen for comparison. The mean difference between thedicating there was no sgstatic drift in measurements as
repeated measurements charamteri the bias in they were repeated. The coefficient of repeatability, .
measurement due trift. A onesample test was used to indicator of measurement variability, was comparab
test whether the mean difference was zero. The meatross the variables.
difference and its standard deviation were used to construct
95% limits of agreement (LoA) (mean * [1.96 X standar
deviation]). The LoA characterize the expeciiéerehces
between repeated mseirements. They estimate the  Manual extraction cthe dimensions of theiliary body
boundaries within which 95% of the differences ShOUqu extreme|y tEdiOUS, t"gn‘intensive and prone to human
fall. The coefficient of repmbility (1.96 X standard error. These data demonstrated that it is pioigsto obtain
d.QViation of the differenCES) was also calculated. Thﬂeasurements of the dimensions of the Ci”ary body
difference between the two me@ments versus the mean Matlab. Thissemiautomatic algorithnrobustly extraet
of the two measurements was graphed and visualile outline ofthe ciliary body and it providel acarate
inspected to determine if the repality of the  measurements of thicess and crosstional area.
measurement was related to its magnitude. Unlike the proces of obtainingmagesof other parts
of the eypwhen obtaining images of the ciliary body, ther
are no distinct landmark for aligning the instrument
(Landis & Koch, 1977As Figure Shows, however, the
In this sample of subjects, the mean + SD age wastmates of the ciliary body dimensions can b
2457 + 3.58 years. The mearsB spherical equivalent substantially improved by using the mean of si
refractive error wd® .85 + 2.18 D. Out of the 23 subjects, measurements. Given that it was possible to detect tt
8 were male and 15 were female. relationship betweeniliary body thickness and refiige
The semautomatic algorithm was able to successfullgrror in 53 chitiren(Bailey et al., 2008pne of whom had
outline the ciliary body allowing for further morphology more than four ciliary body measurements, the level
study. The thickness and sssectional area of the ciliary precision povided by the mean of six measurement
body vereautomatically measured at several points. should be more than adequate fioture studies of the role
Summary statistics for the ciliary body variables amf the ciliary body in refractive error depenent
presented in first two columns of Table 1. If one compares There are multiple benefits aingthe semautomatic
the Matlab to the caliper measurement of CBT2, it is cleavatlab algorithm for measuring ciliary body dimamsi
that the Matlab measurements were slightly larger. This @ne, it is faster and less error prone than a manu
because¢he semautomatic algorithm outline included measurement. Two, it avoids thpotential biasof having
the ciliary pigmented epithelium while the someone who may be aware opatientOsefractive error
measuements with the calipers in the Visante? statusor age when manualipeasuring the ciliary body
software did not include the ciliary pigmenteddimension, i.e., it providesmasked measuremenfhree,
epithdium. crosssectional area measuremarss only feasible using an
ICC estimates for each of the variables appear in thautomated algorithm. The latter benefit is important
last column of Table 1. For the ciliary body thicknesbecause area measurememppear to provide a more
variables, the ICC values ranged from 0.51CBf1 to consistentmeasure of the most anterior portion of the
0.72 for CBT2. The ICC values for ciliary body areadliary body i.e., the ICCvalues for area measurement:
variables ranged from 0.66 at CBAl to 0.72 at CBA2. lrwere generally higher than those for khéass
general, measurements at 2 mm posterior to the scleral spueasurementsThe white line created by the ciliary
had higher ICC values, followed by measurements at 3 mpigmented epitheliunin images of the ciliary body less
and then 1 mm posteriootthe scleral spufor each of distinct in the most anterior ption of the cilary body,
the Matlab generated measures, Figure 9 illustrates thich may be why thenteriormeasuremen€BT1 had a
increase in ICC as a function of number of averagetbwer repeatability than other ciliary body dimensidhs.
withinsubject measurements. With 3 measurements, all abrresponding area measuent, CBA1, may allow for
the ciliary body measures have estimated ICC greater thamproved precision in measug this portion of the ciliary
0.70. If 6 repeated measures are averaged, all of thedy. This will berfé studies of myopia because
variables are estimated to have ICC above 0.85. investigators will be able to determine if there are in fa



refractiveerrorrelated changes in the anor portion of  which seprated the foreground (inside of’) and

the ciliary body. Having a precise memsent of the  packground (outside df ) regions and a goodténsity
anterior portion of the ciliary body will also bfne f

presbyopia research because of the need to further stug)t/mg pair (fl’_fz) inside and outside of the contour. The
changes in the apex of the ciliary body that occur witgtandard gradient descent method was used to minim

age(Pardue & Sivak, 2000Future studies may help to the energy function F(f,, f,,I'). By calculus of

gﬁé?ggIi%emtygpigrzﬁgimgggisa,d the ciliary body that a(%riéti?ns, ittan be showr.l that the functiofig,, f,) that
minimize F(f,, f,,I") satisfy

(x) = K, (x)*[H(p(x)I(x)]

Although the repeatability of measurements with the ' K, (x)* H(¢(x))
calipers was slightly better than with the Matlab program, < T(1 —
semiautomatic measurements of ciliary bodyehsions £, (x) = K, () 1A = H@)I ()]
were feasible and acceptably robust to ugedies of the K, (x)*[1 - H(¢(x))]
ciliary body. -

and ¢ satisfies

The regiorscalable fitting energy was defined in terms -2 (K — )| I(x) - 24

of a contour and two fitting functionsf,(x) and f,(x) 1~!; o V=0 ) = 11 [y

that locally approximate the image intensities outside and¢ 5
inside of the contour. This energy was incorporated into e@ =o(P)|+ AZIKU =) [1(x)= L, ] dy
variational level set formulation with a level set e

regularization term. The energy was definedlas/fo + UV ( Vo )+ v(Ag -V ( V¢
F(fi D) = [T[[K(x= ) ) = £ F H@())dykx _ Vol Vel |
+h [lfKx =) 1)~ (%) [* (1= H($(y))dyldx
+Vf%(| Vo(x)|-1)2dx where ¢ is the Dirac delta fuction.

In the numerical implementation, the functions

+ WIVH(@(x))| dx (f,,f,) were updated at eny time step before the update
© of the level sefunction ¢ . The parameters areasen as
A=A =1,v=1u=0.1-255", and 0 = 3. See the

whered,, A,, v, and u were nonnegative constanfg, oM .
1o “ 9 referencefDada et al., 2007pr detailed implemeastions.

was the domain of dovsampled imagep was a level set

function whose zero level set was tmtocw, H was the
Heaviside functio, and K was the kernel function. The

kernel functionK was chosen as a Gsian function: In the second step of the image segmentation proce
we limit the energy to the restridteomain (the region
K(x) = 1 o127 inside the red curve in Figure 7).
(2.777)n/20'

where 0 was a scale parameter that controls the scale ¢t correspondinfunctions(/;, 7,) that minimize
the effective nighborhood. The first two terms in

F(f,,f,,I') were the localibary fitting energies. The F(f.f
third term was the el set regularization term used e
penalize the deviation of the level set function from a

signed distance function, and the st was the length

term to regularize the contour. Minimizing the energy

function F(f,,f,,I') provided a smooth contourl’

I') sdisfy



Ko (x) * [H(¢(x)) H (¢, (x)] (x)]
K, (x)* H(p(x)H (¢ (x))

K, (x) 1= H(¢(x) H (¢, () (x)]
K, (x)=[1 = H(¢(x)H (¢, (x))]

Si(x) =

Sr(x) =

and ¢ satisfies

= A K, (v =) [1(x) = fi(y) Py
0 SGH@)|+ 1K, (=0 1) = LOI dy
V¢ V¢
V- Ap -V (——
GGV G D)
The parameters are chosen asA =4, =1,

v=1u=0.01-255", ando =3.
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