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ABSTRACT

In this project we are devel oping an instrument for measuring the wave-
front aberrations of the human eye using the Hartmann-Shack sensor. A
laser source is directed towards the eye and its diffuse reflection at the
retinageneratesan approximately spherical wave-frontinsidetheeye. This
wave-front travel sthrough the different components of the eye (vitreous
humor, lens, agueoushumor, and cornea) and then|eavestheeyecarrying
information about the aberrations caused by these components. Outside
theeyethereisan optical system composed of anarray of microlensesand
aCCD camera. Thewave-front hitsthemicrolensarray andformsapattern
of spotsat the CCD plane. Image processing algorithms detect the center
of mass of each spot and this information is used to calculate the exact
wave-front surface using | east squaresapproximation by Zernike polyno-
mials. We describe here the detail s of thefirst phase of thisproject, i. e.,
the construction of the first generation of prototype instruments and
preliminary resultsfor anartificial eyecalibrated with different ametropias,
i. e, myopia, hyperopiaand astigmatism.

Keywords: Comealtopography/instrumentation; Ophthalmological diagnostictechniques;
Astigmatism/diagnosis; Equipmentdesign; Optometry; Retina/physiopathology; Computer-
assistedimage processing

| NTRODUCTI ON

The technological advancesin refractive surgery techniquesin the past
decade have been overwhelming. For thefirst time ever thereisaplausible
chance of using corneal topography and eye aberration data to develop
algorithms for optimized excimer laser ablations. The main objectiveisto
obtain the best possible visual acuity. The first excimer (from the words
excited dimer) lasersfor refractive surgery started to operate at mid 1980’ s
and could only correct simple cases of myopia. With the evolution of these
laserswe can talk today about point-by-point corneal ablationswith “flying
spot” lasers and correction of many other corneal abnormalities, such as
irregular astigmatism.

Corneal topography by itself doesn’t measure myopia and hyperopia,
and interms of astigmatism, it can determine only the corneal contribution.
Axial and tangential maps are good only for measuring differences in
corneal refractive power®3, but not for determining total eye refraction®.
Data obtained with conventional autorefractors are incomplete because
they determine only the best sphero-cylindrical lens, usually by measuring
power inthreedifferent meridians®1?. But thisiscrudeinformation compared
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to the nonsymmetrical aberrations that occur in the eye, and
also compared to the precision with which lasers can ablate
the cornea and topographers can measureit. These two equip-
ments can act on much more complicated surfacesthan simple
torics. The conclusion is evident: the actual autorefractors do
not have the required precision; therefore it is necessary to
search and devel op techniques that can measure refractive error
for all points over the entrance pupil.

In 1994, Liang and colleagues*® from the University of Hei-
delberg started this search, with an inspiration that came from
astronomy. The main principle came from an instrument used in
observatories for measuring optical aberrations in images of
galaxies and stars, caused by the turbulence of our atmosphere.
Thisinstrument, called the Hartmann-Shack (or Shack-Hartmann)
sensor was modified during the 1970's by Shack, Platt? after
experiments of Hartmann®® in the beginning of this century.

Since 1994, many laboratories and companies started to
research and develop their own techniques for measuring the
higher order aberrations of the eye. Some of them use the
Tscherning aberroscope technique, others use the HS techni-
gue. In this article we describe the first Brazilian instrument
that uses principles of the HS sensor for measuring optical
aberrations of atest eye, with calibrated optical aberrations.

THE HARTMANN- SHACK SENSOR

In this section we will describe in more details the optical
and mathematical principals of eye aberration measurements
with the use of the Hartmann-Shack (HS) sensor. Intheyear of
1971 Shack® proposed the use of microlens arrays instead of
regular Hartmann screens.

The principle of the HS sensor when applied to the eye is
very similar to the Scheiner-Smirnov aberroscope invented
many centuries ago®. In the Scheiner-Smirnov aberroscope
the subject had to tell whether paraxial light rays passing
through two holes on adisk, positioned in front of the subject,
were joined or not, because the examiner had no idea of what
thelight ray direction after they entered the eye. Now imagine
an opposite direction of propagation of thelight rays. Imagine
that we could shine a single light beam onto the fovea and,
instead of asking the patient what he or she was seeing, in
some way we could detect how the light rays came out of the
eye. If wetake alook at Figure 1 we might understand better
the point that we want to make here.

We may noticethat a point of light scattered at the retina of
anormal eye generates at the exit pupil what we call in physics
aplane wave-front. Aswe all know, light may be described as
rays, such as in geometrical optics, or as waves, in physical
optics. When describing light as wave phenomena, it has, as
any other wavein physics, awavelength, avelocity, amplitude
and a phase (see these parametersin Figure 2).

The phase of awave is determined by the position of the
wave crest. The wave-front of abundle of raysis determined
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Figure 1-Adotoflightreflecting atthe foveaand leaving the eyes of
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Figure 2-Parametersofawave

by the connection of crests of neighboring waves. In Figure 3
we may seetwo kinds of wave-fronts, onethatissaidtobe*“in
phase” and other that issaid to be “out of phase”, that is, with
aberrations.

Now looking back at Figure 1 we may see that the wave-
front that leaves a perfectly emmetropic eye is a plane; for a
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front, when rays hit the HS lenses a symmetric group of
equally space spotswill form at the CCD plane. For the myopic
eye amatrix of spots more gathered towards the center will be
formed and for the hyperopic, amatrix of more separated spots.

The most interesting aspect about the HS sensor is that,
by comparing the dot pattern of a distorted wave-front with
those of a plane wave-front, one may precisely determine the
exact shape of the distorted wave-front. Thisis so becausethe
amount of displacement of each dot isdirectly proportional to
the distortion of the wave-front (see Figure 4).

METHODS

Figure 3-Waves in phase and outof phase

myopic the optical system is too strong so the wave-front is
convergent, and for a hyperopic it is diverging. Notice then
that by looking at the light that |eaves the eye one can deter-
minethe same abnormalitiesthat Smirnov did by shininglight
towards the eye. It is at exactly this point that the HS sensor
makes abig difference, becauseit allowsusto quantify objecti-
vely how converging, or diverging, or plane, or whatever
format, is the wave-front leaving the eye. In thisway it's pos-
sible to measure refraction at |ocalized points over the pupil.
Imagine that we put a 15 by 15-square array of very small
spherical lenses (with 0.5 mm in diameter each) in front of the
eyesin Figure 1. Since all lenses have the samefocal distance
f we may put some kind of light sensor behind them, like a
photographicfilm or, even better, a CCD camera(seediagram
in Figure 4). For thefirst eye, because light has a plane wave-

plane wave-front

aberrated bundle of rays

Figure4-Aplanewave-frontfocuseslightatapointthatliesoverthe

optical axis of the lens, but adistorted wave-frontfocuseslightata

displacedpoint. Theamountofdisplacementdeterminesthewave-front
distortion

We used the optical diagram depicted in Figure 5 to
construct the instrument shown in Figure 6.

| MAGE PROCESSI NG

A 30 KHz framegrabber installed onan IBM compatible PC
was used for digitalization of 640x480 pixel HS images. We
used i mage-processing algorithms*>19 for detection of center
of mass of HS spots. The image is initially scanned in the
horizontal and vertical directionsin order to find the regions
of higher probability of spot location. A second routine deter-
mines the absol ute val ues of the slope of the mean vertical and
horizontal signals. A threshold from these curves determines
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Figure 5-Schematicdiagramofoptical setupusedtoconstructtheHS
refractometer. AHe-Nelaserbeam (1) isfocusedatthebackoftheeye.
Inthisfirstoptical paththe maingoalistogenerateasmall spotoflight
attheretina, by adjusting position oflens (16). The accommodation
system consists ofalightbulb (5) that shines apicture (5), whichis
viewedbytheeye. Lens(3)isshifteduntil thefarpointoftheeyeisfound.
Theaccommodationsystemshownherewasnotusedinthesepreliminary
measurementsonartificial eyes; itshouldbe testedinvivoduringthe
secondphaseoftests. Thediffusedlightreflectedattheretinareturns
passingbyall eye components (vitreous humor, crystalline, aqueous
humor, comea), goesthroughlens(16), reflectsonthe beamsplitter(7)
and continuesthroughlenses(8),(9)and (11),goingthroughthestop (10).
Thestopeliminateslightscattered fromthe accommodation system,
fromthe corneaandlens (16). Finally the wave-fronthitsthe HS sensor
(12)andisfocusedinthe CCDarray (13). The CCDimageisdigitizedin
a“framegrabber” (14) and processedbyan IBMPC, whichdisplaysthe
graphicalinformationatthe colored monitor (15)
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Figure 6 -Image of the actual instrument being tested atresearch
laboratories at Eyetec Equip. Oftalmicos, Séo Carlos-SP, withmain
partslabeledinaccordancetodiagraminFigure5. The PCisnotshown
inthe photograph. The lower CCD cameraisusedtofocusandcenter
theeye’spupil (nhotshowninthediagramofFigure5)andtheaccommo-
dationsystem (notusedintheresults presented here) is controlled by
amicromotor system. Inthe nextphase of this project, whichwillbe
conducted atthe EscolaPaulistade Medicina-UNIFESP, humaneyes
willbemeasured and theaccommodationsystemwillbe testedinvivo

the vertical and horizontal lines that form the cells inside
which there is a higher probability of finding a spot. After
determination of cell locations, the center of “mass” of each
spot is found according to equations:

CM , =2§-pp (1a)
M, = 25 é}p (1b)

where pisthe gray level intensity of the pixel inside the spot
and x an y are the horizontal and vertical positions, res-
pectively, of the pixel. Results of the image processing algo-
rithm may beseenin Figure 7.

The x and y coordinates in pixels are then input into the
mathematical formulation that approximates the wave-front
surface as the sum of a series of special polynomials, called
Zernike polynomials.

WAVE- FRONT CALCULATI ON FROM ZERNI KE
POLYNOMI ALS

The mathematics to calculate the wave-front distortion is
not very trivial because it involves differential calculus and
other advanced topics in mathematics. Nevertheless we will
make a brief description of these calculations here, and one
may skip this discussion without compromising the compre-
hension of the remaining sections of the manuscript.

InFigure4thelocal slopeof thewave-front, inthevertical
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Figure 7 - Results of the image processing algorithm for the four
calibrated ametropies. Blackvertical and horizontal linesare based
onthegray-level peakofthe line scanningtechnique,and smallerdots
are the center of mass of each spotdetected. (A) Emmetrope (OD,
“normal eye”; (B) Myopic (-5D, “near sighted™), (C) Hyperopic (+5D, “far
sighted”) and (D) Astigmatic (+5D sph., -2D cil. @45°)

and horizontal directions of the CCD image plane, may be
written as:

W, (x,y) _ x;—xs
o  f (29)

oW, (e, y) _ yo—vn
dy f

where aa%y and aa—zV denote the partial derivatives of the wave

aberration function; x§is the position of the n spot for
calibration of the emmetropic eye (or calibration eye) and xéis
the n" position for the measured ametropic eye. So our goal is
to find the aberration function (W). There are several
techniques to find afunction from a set of its derivatives, but
the most popular method in this case has become the approxi-
mation using Zernike polynomials*”? and the least sguare
method®®19. We will not get into the mathematical aspects of
why this technique became so popular for describing wave
aberrations. What we may state is that one of the strongest
reasonsisthat Zernike polynomialsform an orthogonal basisand
thatit hasideal symmetriesfor describing optical aberrations. We
will seelater that each Zernike polynomial isassociated with a
typical optical aberration.
We may write the wave aberration function as:

W(x,y)=1§1c,.zi(x, v) ®

where C, arethe coefficients of each polynomial and Z arethe
corresponding terms of each Zernike polynomial. The objec-

(2b)
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tive is to find these coefficients based on the slopes, so we
apply the partial derivativesto equation (3):

W (x,y)_& . 9Z,(x,y)
V) 9%
ox g‘ oox

(48)

oW (r,y)_ &, 97,(x,y)
Ay _éc, dy
We now use the least square method to find the best
Zernike coefficientsthat interpolate the derivativesin (2) and
to do that we substitute the valuesin (4) by the derivativesin
(1). We may then write the coefficients as:

(4b)

C=[MT].[DER] ®)
wherethe coefficient matrix Cisof theform:
C=[C,C.C,.CIT 6)

[DER] is the column matrix of derivatives, and [MT] is the
transformation matrix obtained by the least square method.

Aswe may noticein Table 1, each Zernike polynomial is
associated with one type of aberration. Besides the higher
order aberrations, the low order refraction values may be
obtained by coefficients C,, C, and C,, assuming that the
wave-front of the sphero-cylinder equivalent lens may be
written as:

W (xy) = 2C,xy + 2C, (x*+y?) + C,(Y*- X?) ()

RESULTS

In Figure 8 we present the wave-front results for the three
calibrated ametropies.

The quantitative values for the sphere (¢,), cylinder (¢,)
and axis (a) of the equivalent sphero-cylinder lensis obtained
through equation (7).

The values obtained for the four calibrated ametropies are
shownin Table2.

M ean deviation for sphere and cylinder was0.68D, and for

axiswas 14°. Although these values are much higher than the
errors expected for sphero-cylinder measurements on auto-
refractors (0.125D and 5°)® our primary goal intheseprelimina-
ry measurements was not to obtain precision, but to validate
the technique. Theseresults are in agreement with the typical
aberrations generated on theartificial eye, and someimportant
clues to why the errors were higher than expected may be
drawn from certain instrumentation aspects: the type of artifi-
cial eye used, the optical components, and other details that
may berelated to our home-made HS sensor. These and other
aspects are discussed in the following section.

DI SCUSSI ON

Preliminary results for the first phase of construction of a
HS wave-front sensor, built at IFSC-USP in aventure project
with aBrazilian technology industry, Eyetec Equip. Oftalmi-
cos, was presented for calibrated ametropies on an artificial
eye. Tests on in vivo eyes should be conducted in the second
phase of this project for verification and validation of the
technique.

A Heineartifical eyefor usein retinoscopy was used. This
eyeisrecommended by the manufacturer for usein retinosco-
py training and ophthalmic laboratories. The manufacturer
guarantees aprecision of “better than 0.5D” [internet address:
http://www.heine.com| but does not state an exact mean
value. Thisis not a surprising fact given that other research
groups have encountered problems using commercially
available artificial eyesfor the purpose of wave-front measu-
rements®, For this reason, these researchers have organized
a task force group (called the VSIA Task Force Group) to
implement, among other things, the construction of astandard
artificial eye for specific use in wave-front measurements®.
They also propose a set of standards for the nomenclature
and specification for each Zernike polynomial term. In the
future they will build artificial eyes based on these standards

Table1.Zernike polynomials up to the forthorder
Term Polarrepresentation Monomialrepresentation Meaning
Z,(%.y) 1 1 Constant term
Z,(x.y) rsenq X Tilt on x direction
Z,(X.y) rconsq y Tilt on y direction
Z,(xy) r2sen(2q) 2xy Astigmatism with axis at + 45°
Z,(xy) 2r2 -1 -1+2y 2+2x 2 Focal aberration (myopia or hyperopia)
Z(xy) r2cos(2q) y %-x 2 Astigmatism with axis at + 90°
Z(xy) résen(3q) 3xy 2-x 3
Z(xy) (3r3-2p)senqg -2x+3xy 2+3x 2 Coma of 3" order at x axis
Z,(X.y) (3r3-2p)cosqg -2y+3y +3x %y Coma of 3 order at y axis
Z,(xy) r3cos(3q) y 3-3x %y
Z,(xy) risen(4q) Ay 3x-4x %y
Z,(xy) (4r*-3r?)sen(2q) -6xy+8y 3x+8x 3y
Z,(Xy) 6r4-6r2+1 1-6y 2-6x +6y “+12x %y 2-6x 4 Spherical aberration of 3 order
Z(Xy) (4r#-3r?)+cos(2q) -3y 2+3x 2+4y *-4Ax %y 2-4x 4
Z (xy) récos(4q) y 46X 2y 2+x 4
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Figure 8-Resultsfor the three calibrated optical aberrations. Fromleft toright columns: (a) color map of the wave-frontwith total aberrations;

(b)sameasinfirstcolumn, butwith lower order terms subtracted from the total aberrations (this type of plotis useful for visualization of the higher

order contribution compared to the lower order); (c) three-dimensional graphs of the wave-frontwith total aberrations; (d) Zernike coefficients
(vertical axis representsde coefficientvalue and horizontal axis represents the coefficientorder (asdescribed in Table 1)

and allow different laboratories throughout the world to test
them, allowing other centers to improve their mathematical
algorithms to a standard refraction eye. For this reason we
have been unable to determine the absolute precision of our
instrument. One of the current implementationstaking placeis
the generation of known formats of wave-fronts by the inci-
dence of a plane wave-front on different lenses with well-
known spherical and astigmatic aberrations. Thiswill allow us,
even before we have access to a standard calibration eye, to
objectively determine the precision of our HS sensor.

Other hypothesisfor theimprecision, although less probable,
is the need for better optics and more precise determinations of
parameters such as focal distance, index of refraction of optical
media, magnification. These should not represent major fac-

Arq Bras Oftalmol 2003;66:261-8

torsfor wave-front deviation because almost asingle frequen-
¢y (short band width) is used for the incident light and the-
reforethereisalow probability of monochromatic aberration
and precise calibration images for the plane wave-front.
Although these factors might be contributing a small amount
of deviation to the objective measurements, we may only be
sure of them if we are absolutely sure of the aberration of the
wave-front that is incident on the HS sensor. We even think
that such a precise system is so sensitive to small distance
changesin optical componentsthat maybe acalibration wave-
front should always be used to reset the parameters of the
system, such as the spherical surfaces used to calibrate
current corneal topographers.

Our intention here was not to compare precision of the
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Ametropy @,(D)
expected obtained
Myopic -5.00 531
Hyperopic +5.00 +4.16
Astigmatic +5.00 +4.11
Meandeviation 0.68D

Table 2. Valuesfor sphere (@), cylinder (¢,) and axis (o) obtained for differentaberrations

%(0) a)
expected obtained expected obtained
0.00 -1.02 0.00 2100
0.00 -0.80 0.00 9.00
-2.00 -1.78 45,00 3200
0.68D 14°

whole refractive instrumentation, therefore we also did not
consider accommodation (obviously our artificial eyesdo not
have an internal lens). Furthermore our intention was to pro-
vide insight to how promising the wave-front technique may
be when compared to conventional autorefractors, interms of
resolution. An accommodation system, wheninwell-functioning
condition, may be applied to our instrument and then absolute
precision comparisons with conventional autorefractors, for
measurements in the human population, may be undertaken.
Interms of mathematical precision of theimplemented al-
gorithms, several theoretical tests were undertaken to assure
that computer code was in agreement with expected calcula-
tions. An example of these tests may be seenin Figure 9. The
upper leftimageisatheoretical three-dimensional graph of an
aberration with comaand tiltinthe X direction, whichissimply
thesum of termsZ, and Z, of Table 1, with coefficientsC, =C,
=1.Thecentral upper imageistheretrieved wave-front calcula-
ted from the local slopes obtained from the previous graph,
using the minimum square method described through equa-
tions (2)-(7). We may see that they look identical, as they
should actually be. The upper right graph and lower left are
simply two-dimensional contour and color plots of the central
upper graph, and in the lower central are the obtained Zernike

coefficients. Notice that only coefficients C, and C, are diffe-
rent from zero (equal to 1), as it should be. The lower right
graph isthe most impressive: it shows that the minimum sguare
algorithmtogether with Zernike polynomialsfurnish errorsof the
order of 10 mm, extremely low compared to the order of mag-
nitude of thewave-front values (approximately 2 mm). Theseand
other computer simulations showed to us that the algorithms
used here are indeed very precise, a fact that again called our
attention regarding the quality of the artificial eyes used.

An important factor in precision is the amount of micro-
lenses in the HS sensor. If we double the number of micro-
lensesin the row and column, the resolution ismultiplied by a
factor of 4. On the other hand, for highly distorted corneas
this might be a disadvantage. In a previous study®® we have
shown, theoretically, by implementing computer simulations
of HS patterns for several corneal topographies, that for eyes
with severe curvature changes on the corneal surface (such as
keratoconus), the HS spots may overlap, preventing the
software from the capacity of image processing and data
analysis. In these specific cases, conventional trial lens tests
with autoprojectors or Snellen tables may still be necessary.

There is a strong belief that the wave-front sensing tech-
nology represents the next generation of refractors and that

Wave-front far simulated eye
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Figure 9-Several outputs for comparison of theoretical calculations of the wave-frontbased onlocal slopes
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they will gradually take place over conventional refraction,
much in the same way that computerized corneal topography
took place over traditional keratometry and the photokeratos-
copy. Moreover, the wave-front technology will alow for
precise corneal ablations, resulting in algorithms that may
execute what is being called “ customized corneal ablations”.

RESUMO

Neste projeto estamos desenvol vendo i nstrumento paramedi-
das das aberracdes de frente de onda do olho humano usando
um sensor Hartmann-Shack. Umafonte de luz laser é direcio-
nada ao olho e sua reflexdo difusa na retina gera frente de
onda aproximadamente esféricadentro do olho. Estafrente de
onda atravessa os diferentes componentes do olho (humor
vitreo, lente, humor aquoso e cérnea) trazendo informacgtes
sobre as aberragfes opticas causadas por estes componentes.
No meio externo ao olho existe sistema éptico formado por
umamatriz demicrolentese umacémeraCCD. A frentedeonda
incide nestamatriz e formaum padr&o aproximadamente matri-
cial de*“spots’ no plano do CCD. Algoritmos de processamen-
to de imagens sdo utilizados para detectar os centréides de
cada“spot” e estainformacéo é utilizada paradeduzir aforma
da frente de onda usando métodos de aproximag&o por mini-
mos quadrados e polinémios de Zernike. Descrevemos aqui
detalhes da primeirafase deste projeto, em quefoi realizadaa
construcdo da primeira geracdo de instrumentos protétipos e
testes preliminares em olho artificial, calibrado com diferentes
ametropias, i. e, miopia, hipermetropiae astigmatismo.

Descritor es: Topografia da cérnea/instrumentacgéo; Técnicas
de diagndstico oftalmoldgico; Astigmatismo/diagndstico;
Desenho de equipamento; Optometria; Retina/fisiopatologia;
Processamento de imagem assistida por computador
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