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Abstract. A multizone model for postsurgical corneal topography is
presented and applied to a comparative analysis of the outcome of
standard and customized myopic LASIK. The different zones are seg-
mented automatically by a clustering algorithm. The algorithm uses a
set of three local descriptors, which correspond to normalized physi-
cal magnitudes computed for each point of the corneal topography
map: Gauss curvature, root-mean-square �RMS� fit error to an ellip-
soid surface model, and distance to the center of the topographic
map. Both presurgical and post-LASIK corneal topographies of 31
eyes were analyzed using monozone and multizone models. The pa-
tients were classified into three groups according to the different
LASIK treatments applied: Allegretto, Zyoptix, and PlanoScan. For
post-LASIK corneas, the multizone model provided a lower fit error,
an average of 1.2±0.4 �m versus 2.4±0.7 �m �monozone�. The
comparative analysis of the three different LASIK treatments showed
no improvement of custom over standard treatments. The outcomes of
Zyoptix and PlanoScan were basically equivalent and consistent with
previous findings: The higher-order aberration �HOA� increased by a
factor of two. The increase in HOA was higher, by a factor of three,
after the Allegretto treatment. The mutizone model shows a higher-
fidelity representation and permits a deeper understanding of the post-
surgical cornea. © 2008 Society of Photo-Optical Instrumentation Engineers.
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Introduction

orneal topography is a powerful clinical tool to evaluate
orneal shape anomalies. Accurate methods and models are
eeded for the analysis of corneal topography and to evaluate
heir geometric properties,1 refractive errors, etc. Realistic
orneal models are essential even for the reconstruction of the
orneal surface from videokeratoscopy data.2,3 Different para-
etric models of the corneal surface have been proposed to

escribe its elevation topography. Most of these models con-
ider the sum of two terms: a regular basis surface �sphere,
onicoid, biconic� plus an irregular component �polynomial
xpansion, splines, Fourier series, etc.�.4–6 These parametric
odels can adjust and describe the topography of normal cor-

eas with reasonable or even high accuracy. However, in
ases of severe irregularities or deformations �keratoconus,
ostsurgical corneas, etc.�, these models may fail to describe
he real topography.7 Nevertheless, difficulties to fit models to
bnormal corneas can be realized as a potential tool to classify
etween normal or pathological corneas. Some parameters of

ddress correspondence to: Rafael Navarro, ICMA, Facultad de Ciencias, Plaza
an Francisco s/n, 50009 Zaragoza, Spain. Tel: �34� 976 762782; Fax: �34� 976
61233; E-mail: rafaelnb@unizar.es.
ournal of Biomedical Optics 044035-
corneal models can be used as descriptors for automatic clas-
sification procedures. In this sense, several successful and
clinically relevant procedures have been developed to detect
incipient keratoconus or classify corneas.8–12

In particular, postsurgical corneas may present discontinui-
ties �either in the surface or in its first or second derivatives�,
and hence realistic models should be able to show these dis-
continuities as well. In refractive surgery, ablated corneas
present different zones with different geometrical and refrac-
tive properties. Standard treatments apply spherical-
cylindrical ablation profiles, whereas modern customized
treatments use a wider variety of ablation profiles, including
asymmetrical ones, based on optical and anatomical charac-
teristics of the patient’s eye. For instance, myopic LASIK
correction mainly works in the central optical zone �OZ�, but
laser ablation is also applied to the transition zone �TZ�, and
only a peripheral corneal ring �P� remains untouched. The
goal of the central ablation pattern is to reduce the curvature
in the OZ, while the ablation at TZ smooths the curvature
changes �transition�, thus avoiding discontinuities. Since the
ablation patterns at OZ, TZ, and P are different, significant
differences should be expected in the resulting postsurgical

1083-3668/2008/13�4�/044035/12/$25.00 © 2008 SPIE
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opography among these three zones. Typical sizes of these
ones are as follows: OZ—about 6-mm diameter; TZ—6-mm
nner and 9-mm outer diameter; and P—from about 9 mm to
he limbus �11–12 mm�.

Our departure hypothesis is that ablated corneas must
omehow exhibit these well-differentiated zones; hence, the
nalysis of corneal topography should be made independently
or each zone. Therefore, the aim of this work is to develop an
utomatic method to build custom multizone models of post-
urgical corneas and then to apply this procedure to analyze
nd compare the outcome of three different, standard, and
ustom LASIK treatments. To build the multizone model, we
nalyze the corneal elevation topography in two stages:

1. Surface segmentation into a predefined number of
ones �three in myopic LASIK� is performed, based on a set
f point descriptors and a clustering algorithm. In this way,
ach point of the surface is assigned to a particular zone based
n the descriptor statistics.

2. Once segmented, a standard model �nonrevolution coni-
oid plus Zernike polynomial� is applied to each zone
optical, transition, and periphery� independently.

his multizone model permits us to obtain much richer infor-
ation, such as a more realistic size, decentration and mor-

hology of the optical zone, as well as a better fit of the model
ithin each zone, and hence more accurate values of curva-

ure radii, conic constants, optical zone diameter, decentra-
ion, ablation profile shape, etc. The multizone model may
lso facilitate to comparison between programmed and real
blation profiles.13 It must be noticed that computing the dif-
erence between pre- and postsurgical elevation maps directly
oes not generally allow reliable ablation profiles to be
btained,14 since they are referred to planes or surfaces that
enerally do not match.

The proposed multizone model was applied to analyze and
ompare the outcome of three different systems of LASIK
urgery. One of them is for standard treatment and the other
wo systems are for custom myopic LASIK. For this purpose,
orneal models were obtained from both preoperative and
ost-LASIK elevation topographies for each patient in three
roups corresponding to the different custom and standard

Fig. 1 Block diagram of the method to o
ournal of Biomedical Optics 044035-
treatments. Subsequent morphological and optical computa-
tions permitted us to obtain relevant parameters of the optical
zone such as the shape and center of the ablation, curvatures,
conic constants, optical quality, etc., and then to compare pro-
grammed versus implemented values. We also studied analo-
gies and differences between the outcomes of the different
treatments.

2 Material and Methods
The procedure to build the multizone model of ablated cor-
neas is depicted in Fig. 1. The main stages are

1. Fitting a standard monozone model to the input eleva-
tion topography data.

2. Computing a set of local descriptors able to discrimi-
nate among the different zones. For each point of the corneal
surface, these descriptors are the curvature, the fit error, and
the distance to the center.

3. Performing a segmentation of the corneal surface into
three zones �OZ, TZ, and P� using a clustering algorithm
based on the above descriptor set.

4. Fitting again the standard model, but now to each of the
three zones independently.

5. The final model will be the union of the three zones.

2.1 Standard Model

In most models, the corneal surface z=S�x ,y� can be ex-
pressed as the sum of two terms:

z � S�x,y� = b�x,y� + r�x,y� , �1�

where b�x ,y� is a regular basis surface describing the overall
shape of the cornea, and r�x ,y� accounts for irregularities and
departures from the basis surface. If the basis surface b�x ,y�
is an accurate model of the average topography of the cornea,
then r�x ,y� will tend to be low, at least for normal corneas,
and hence the analysis of the corneal surface b�x ,y� will pro-
vide meaningful overall properties. The residual,

e multizone model for ablated corneas.
btain th
July/August 2008 � Vol. 13�4�2
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�x ,y�=S�x ,y�−b�x ,y�, is usually fit to some polynomial ex-
ansion. The most widely used one is the Zernike polynomial5

iven by

r�x,y� = �
k

ckPk, �2�

here Pk is the kth Zernike polynomial, and ck is its corre-
ponding coefficient. Here we follow the OSA standards for
eporting the optical aberrations of eyes, and consider them to
he seventh order,15,16 that is, 36 terms �including 0th order,
iston�.

We consider a general conicoid as our basis surface
�x ,y�, as it provided highly satisfactory results to describe

he overall shape of normal corneas:2

a11x
2 + a22y2 + a33z

2 + a12xy + a13xz + a23yz + a1x + a2y + a3z

+ a0 = 0. �3�

his expression is a general second-degree quadric surface,
ith arbitrary position and orientation in 3D space. To model

he cornea, we restrict Eq. �3� to ellipsoids. Using standard
inear algebra, we can apply an affine transform to pass from
hat general expression �Eq. �3�� to the canonical form:

x2

a2 +
y2

b2 +
z2

c2 = 1, �4�

hich represents a “melon-shaped” ellipsoid with three or-
hogonal semiaxes, a ,b ,c. The parameters of the affine trans-
orm provide the orientation and position of this ellipsoid, and
ence of its optical axis.

In what follows, the input data are Orbscan II elevation
opography maps. A more detailed description of the model
nd least-squares fit can be found in Ref. 2. This model as
ell as all subsequent computations were implemented using
atlab �The Mathworks Inc., Natick, MA�.

.2 Local Descriptors

ue to laser ablation, post-LASIK corneas can have different
ones, characterized by different properties, and eventually
hey can be separated by some discontinuity. In these cases,
he standard model could fail to fit the topography around
iscontinuities.7 The idea here is to overcome this drawback
nd use all the available information to identify, point by
oint, the different zones according to homogeneous features.

Corneal descriptors will be those parameters, defined for
very point of the surface, which can be used to classify or
ssign each point to a given zone. Ideally, descriptors must be
omogeneous within each zone but must differ between
ones. In addition, the number of descriptors must be the
inimum able to guarantee an efficient discrimination. In our

ase, we found that this minimum number was three. To be
fficient, these parameters must be independent from each
ther, and hence describe totally different properties. For each
oint, the chosen descriptors were distance to the center of the
ornea �D�, curvature �C�, and fit error �E�.
ournal of Biomedical Optics 044035-
2.2.1 Distance to the center, D
Here we use the a priori knowledge of the characteristic ge-
ometry of myopic LASIK treatments, with a central, OZ, and
two successive concentric rings, TZ and P. Thus, it is evident
that for low values of D, there is a high probability that the
point belongs to the OZ; for intermediate values, the highest
probability is to belong to the TZ, and to P for the highest
values. Therefore, this descriptor can help to discriminate
among points of the different zones.

2.2.2 Local curvature, C
The objective of LASIK treatments is correcting the refractive
error by modifying the corneal curvature. It is known that the
corneal curvature is not totally homogeneous and changes
from point to point even in normal corneas. Nevertheless, it
seems reasonable to assume that after LASIK the resulting
curvature will probably be more homogeneous within a zone
than between different zones. In particular, the optical zone is
expected to have a more homogeneous curvature, whereas
transitional or peripheral zones may display a higher variabil-
ity. Our descriptor will be the Gauss curvature, C, which is
the product of the principal curvatures, k1 and k2, defined as
the maximum and minimum curvatures among all orienta-
tions. Mathematically, the Gauss curvature was computed for
each corneal point from coefficients of the first and second
fundamental forms17 of the corneal surface according to the
following expression:

C =
eg − f2

EG − F2 , �5�

where E, F, and G are coefficients of the first fundamental
form and e, g, and f are coefficients of the second fundamen-
tal form of the corneal surface. See Ref. 17 for a deeper ex-
planation about the fundamental forms. The Gaussian curva-
ture is an invariant magnitude, here it will be expressed in
keratometric diopters18 K=1000�1−1.3375��C, assuming
1.3375 for the refractive index of the cornea.

2.2.3 Fit error, E
The third descriptor measures the departure from the adjusted
standard model to the actual topography. As a way to enhance
the role of this descriptor, here we directly consider the modu-
lus of the residual E= �r�x ,y�� obtained after fitting the basis
surface �ellipsoid� alone. Roughly speaking, E�x ,y� is a mea-
sure of the local irregularity. Similarly to the other descrip-
tors, one may expect that the magnitude of the fit error should
be more homogeneous within each zone but change substan-
tially between zones. The magnitude of this corneal descriptor
will depend on the basis surface chosen �sphere, ellipsoid,
etc.�, but as an irregularity descriptor its discrimination capa-
bility may be relatively invariant against changes to the basis
surface.

This choice of descriptors is probably not unique, but here
we have tried to apply the following criteria: The descriptors
must be meaningful physical magnitudes, independent, easy
to compute, and able to discriminate between zones. Note that
the last requirement is especially important and requires em-
pirical validation, which is one of the primary goals of this
study.
July/August 2008 � Vol. 13�4�3
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These descriptors are used as the three components of a
eature vector �D, C, E� at each point of the corneal topogra-
hy. As they represent different magnitudes and can have to-
ally different ranges, it is necessary to normalize each de-
criptor to its mean value in order to have dimensionless
ariables with the same weight in the segmentation. After
ormalization, we can also give different weights to enhance
r reduce the relative influence of each descriptor. We tried
ifferent weights, but the results did not change substantially.
e finally applied the weights �1, 2, 1� to take into account

hat the Gauss curvature is probably the most important
eature.

.3 Segmentation
nce the n=3 descriptors are calculated for every point of the

orneal surface, we build an n-column matrix, where each
ow corresponds to one corneal point, and each column to one
escriptor value. Then segmentation is carried out by applying
k-means clustering algorithm. This type of algorithm tries to
nd k clusters in the three-dimensional histogram of the
-column matrix, where k is the number of classes. For con-
enience, in our implementation we consider k=4: namely,
he three zones OZ, TZ, and P, plus an additional class corre-
ponding to the outer area formed by those points having null
alue �no topography data available�. Among the different
ossible metrics, we have selected the Euclidean distance be-
ween points in the 3D histogram. The implementation used
he Matlab k-means function. The result of the segmentation
s that each point in the topography is assigned to one of the
hree zones. In other words, we obtain three binary maps or

asks, MOZ, MOT, and MP, corresponding to the optical zone,
ransition region, and periphery, respectively. Each binary

ap takes value 1 within its region and 0 elsewhere. In this
ay, the ablated cornea is divided into three well-defined spa-

ial regions, which we can analyze independently. The
-means algorithm does not guarantee that the three zones are
opologically correct and connected a priori, and the output
ould contain some misclassified isolated points. However,
e never obtained disconnected areas or isolated points with

his set of descriptors, so that further segmentation refining
as unnecessary.

Fig. 2 Preoperative �left� and postoperative �right� elevation t
ournal of Biomedical Optics 044035-
2.4 Zonal Analysis
The final stage is to fit the standard model of Eq. �1� to each
zone, defined by the corresponding mask. As a result, each
corneal zone is characterized by three functions; the mask M
providing the area, the basis ellipsoid surface b�x ,y�, and the
residual r�x ,y�. These three functions permit one to perform a
more detailed analysis of each zone. Here, we will focus
mainly on the optical zone. The basis function provides cur-
vature radii R and conic constants Q along the x- and y-axes,
as well as the position and orientation of the optical axis; the
residual analysis yields the Zernike coefficients ck. Apart from
the standard analysis, the present multizone approach adds
new useful information by simple standard morphological
analysis of the masks. In the particular case of the optical
zone, we can simply perform a least-squares fit of the perim-
eter of the optical zone to a free oriented ellipse in the 2D
space with semiaxes aOZ and bOZ. This fit to the mask MOZ
provides three interesting parameters:

1. The optical zone diameter can be computed either as
the diameter of the best-fit circumference to the perimeter of

the optical zone or as �aOZ
2 +bOZ

2 .
2. The eccentricity is defined by �2=1−bOZ

2 /aOZ
2 . When

�=0, we have a circumference; as it departs from that value,
we have a progressively elongated ellipse.

3. The OZ center is directly obtained as the center x0, y0
of the adjusted ellipse �alternatively, it can be computed as the
centroid of the optical zone�. The center of coordinates repre-
sents displacements from the center of the topography map. In
our case, this last term corresponds to the vertex normal, i.e.,
the intersection of the keratometric axis with the anterior cor-
neal surface. Thus, x0, y0 represent decentrations of the
ablation pattern with respect to the vertex normal.

2.5 Comparative Study
The above methods were applied to a comparative study of
three different �standard and customized� myopic LASIK
techniques. A total of 31 eyes �25 patients� were analyzed. All
subjects �15 female, 10 male�, aged between 21 and 64 years
�mean 35�10 years�, were regular patients in the RealVision
clinic �Madrid� and had their treatments by the same surgeon.
All patients were myopic with spherical refractions in the

phy maps with respect to the best-fit sphere for subject AFD.
opogra
July/August 2008 � Vol. 13�4�4
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ange −0.25 D to −7.5 D �mean −4.3�2.2 D�. Cylinder re-
raction ranged from 0 D to −3 D �mean −0.9�0.6�. The
hree groups were:

• Group 1: Ten eyes had standard surgery with a PlanoS-
an™ 2000 �Technolas®217A excimer laser, Bausch&Lomb,
alt Lake City, UT� system. The average initial refraction was
3.5�2.4 D �sphere� and −1.2�0.8 D �cylinder�.

• Group 2: Thirteen eyes had custom Zyoptix
Bausch&Lomb� treatment. Average refraction: −4.6�2.3 D
sphere� and −0.9�0.5 D �cylinder�.

• Group 3: Eight eyes had custom treatment, with an Al-
egretto �WaveLight Laser Technologie, Erlangen, Germany�
ystem. Average refraction: −4.8�2.1 D �sphere� and
0.6�0.6 D �cylinder�.

For each eye, three preoperative and three postoperative
three months after surgery� corneal elevation topographies
ere taken using an ORBSCAN II apparatus. In each case,

he average pre-LASIK and post-LASIK topographies were
omputed.2,19,20 A multizone model was obtained for each
ostsurgical cornea, and the analysis described above was
pplied.

Results
he results are organized in two parts. First, we present the
omplete analysis for one eye to illustrate the type of infor-
ation provided by our method, whereas the second part sum-
arizes the results for the three groups of patients.

.1 One Example
he case analyzed here corresponds to the right eye of patient
FD, female, 34 years old. She was treated to correct a re-

ractive error of −4 D sphere and −0.50 D cylinder at 150°,
ith custom Allegretto LASIK �group 3� system. Figure 2

ompares pre- �left� and postoperative �right� corneal eleva-
ion topographies, with respect to their best-fit spheres. We
an see that the topography has totally changed with the sur-
ery, and hence it is difficult to make a direct comparison
etween them.

To develop the multizone model, we first obtain the three
escriptors, shown in Fig. 3 before normalization, with a
egative gray scale �white corresponds to lowest values and
lack to highest values�. The left panel represents D, the dis-
ance to the center; the scale is in millimeters. This descriptor

ig. 3 Two-dimensional maps of the three corneal local descriptors fo
ap �left panel�; C, Gauss curvature in diopters �center panel�; and E
ournal of Biomedical Optics 044035-
is constant for all topographies, as this distance is independent
from them. As expected, it presents a quite regular and
smooth pattern. The central panel corresponds to the Gauss
curvature, C, in diopters, and the right panel to the resulting
fit error, E, in micrometers. There is a high correlation be-
tween, C and E despite their different physical meaning and
magnitudes �diopters and microns, respectively�. In both
cases, the spatial distribution of the different zones appears
clearly represented. Note that this clear distinction can not be
made directly on the elevation topography �Fig. 2, right
panel�. Interestingly, the Gauss curvature shows a somewhat
granular appearance, resembling laser spot imprints. Such a
granular appearance could be observed in most cases.

Each topography map consists of about 10,000 data points,
and hence we have the same number of points per descriptor.
Figure 4 shows the data points in the 3D descriptor space,
which is the main input to the clustering algorithm. Here the
descriptors were normalized to their mean values, and C
�Gauss curvature� was weighted by a factor of two. The aver-
age descriptor values are listed in Table 1 �upper rows� for the
three zones, whereas the solid symbols in Fig. 4 represent
normalized average values on each zone. Points of the transi-
tion zone are characterized by intermediate distances D,
somewhat higher errors E, and a considerably higher

ct AFD: D, distance �in mm� to the center of the corneal topography
fit error in micrometers �right panel�.

Fig. 4 Scatterplot showing the distribution of corneal points in the
three-dimensional space defined by the three normalized descriptors,
for subject AFD. Symbols represent mean values for the three seg-
mented zones �OZ, TZ, P�.
r subje
, RMS
July/August 2008 � Vol. 13�4�5
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urvature C. Thus, TZ points tend to lie on the back, in the
pper part, and in the middle between OZ �left� and P �right�
oints. The most distinctive feature of peripheral points is
heir high distances, so that they lie on the right side; descrip-
ors E and C show a wider variability so that P points spread

ore along these axes. Conversely, distances are much lower
n the optical zone, where the distribution of points is more
egular. Average values in Table 1 clearly show these trends.
he “monozone” column displays the global average of the

hree descriptors, which is close but not equal to the average
ver zones.

Figure 5 shows the result of the clustering algorithm. Each
oint in the topography map is assigned to one of the three
ossible zones, and the three resulting masks correspond to
he optical zone, transition zone, and periphery. The outer
hite area corresponds to the fourth class, namely points with
o elevation data.

After segmentation, we can complete the procedure de-
icted in Fig. 1 to obtain different subsets of results. First, we
btained the morphological data of the different zones in Fig.
. These are listed in the three “zone morphology” rows of
able 1. We can see that the computed optical zone is not

Table 1 Main results of the analysis of corne
millimeters, RMS �both Zernike and errors� are in

Pre-LASIK Monoz

Averag

D �mm� 3.50

C �diopters� 42.0

E ��m� 0.11

Zone

Diameter

Eccentricity

x0, y0 �center�

Surface

Rx 7.63 8.61

Ry 7.34 8.37

Qx −0.36 0.41

Qy −0.39 0.37

xa, ya �apex� −0.04, −0.59 0.46, 0

� � �axis�a 0.3°, 4.5° −2.1°, −

RMS Zernikes 11.50 13.1

RM

2.43 2.91
aAngles � � represent rotations around the x and y axes
Positive sign means downside and nasal orientations.
ournal of Biomedical Optics 044035-
circular, but has some elongation �0.25 eccentricity�, with an
average diameter of 5.46 mm. The TZ has a similar elonga-
tion �0.3�, and an external diameter of 8.66 mm. The center of
the OZ �and possibly the ablation center� is displaced from the

graphies for subject AFD. Length units are in
meters, and angles in degrees.

OZ TZ P

riptors

1.86 3.59 4.76

38.46 46.42 38.97

0.10 0.12 0.10

logy

5.46 8.66

0.25 0.30

−0.17, −0.44 −0.01, 0.27

raphy

9.37 8.41 6.51

9.08 8.11 6.32

1.05 0.12 −0.91

0.99 0.08 −0.91

1.13, 0.15

−7.1°, −1.0°

1.47

ror

0.33 1.14 1.79
tively: � is the vertical angle and � the horizontal angle.

Fig. 5 Result of segmentation for subject AFD. Each segmented zone
is defined by a mask, represented with different gray levels: OZ
�lighter gray�; TZ �darker gray�, and P �black�.
al topo
micro

one

e desc

5

morpho

topog

.33

2.6°

1

S fit er

, respec
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ertex normal 0.44 �nasal� and 0.17 mm upwards. Here we
ant to remark that these resulting zones, OZ, TZ, P, are

effective” areas,21–23 defined according to the statistical dis-
ribution of the three descriptors. This means that the optical
one is an area where the curvature, the fit error, and the
istance to the center have relatively homogeneous values,
nd the same applies to TZ and P. Conversely, points in OZ
ust have significantly different descriptor values than points

n TZ. Therefore, as the boundary between two zones is es-
ablished in statistical terms, the resulting zones can be con-
idered as functionally homogeneous or effective, and hence
hey may differ from the planned nominal areas.

The next step was to fit our standard topography model to
he different zones. The resulting parameters describing the
urface topography are also listed in Table 1. The values ob-
ained from the �monozone� analysis of the presurgical topog-
aphy are given in the first column, and the same standard
nalysis for the postsurgical cornea is given in the second
olumn. Within each column, differences between Rx and Ry
orrespond to corneal astigmatism. It is clear that the surgery
ncreases the radii, mainly in the optical zone �Rx from
.63 mm up to 9.37 mm�, thus reducing the power of the
ornea, as expected. The conic constants show the typical
ell-known trend in LASIK surgery.13,24 Normal corneas have
egative Q values: in this case −0.36 and −0.39, which are
lose to average values.2 However, the sign becomes positive
fter LASIK surgery, which is patent even for the monozone
nalysis �+0.41, +0.37�. Several studies have demonstrated
hat this causes the increase in spherical aberration after
ASIK surgery.25–27. Our multizone analysis reveals that the
ctual increase in the Q values in the optical zone is even
reater �about +1�. This will produce a strong increase in
pherical aberration. On the other hand, the peripheral zone
eems to keep negative Q values, as it was untouched by the
aser. The apex and orientation of the optical axis also show
ignificant changes after surgery, and again, the changes are
ore pronounced when we consider the optical zone alone.
efore surgery, the orientation of the optical axis is natural

0.3° downwards, 4.5° nasal�, but after LASIK these angles
re reversed. The resulting OZ optical axis is tilted upwards.
.1°. A further analysis of the shape of the surface is given by
he Zernike coefficients, which account for irregularities and
epartures from the basis ellipsoid geometry. The monozone

ig. 6 Comparison of the reconstructed corneal topography by the mu
ournal of Biomedical Optics 044035-
analysis shows around a 15% increase in the total Zernike
RMS �from 11.50 �m to 13.11 �m�, and hence in the irregu-
larity. The optical zone, however, seems to follow the ellip-
soid geometry much better �RMS of 1.47 �m�. However, we
cannot directly compare the RMS values of OZ with those of
the monozone model, which considers the whole corneal
topography.

Finally, the reconstruction of the corneal topography, as the
union of the models obtained for the three zones �Fig. 6, left
panel�, shows a high fidelity with the original data �right
panel�. The final RMS fit error obtained for all cases and
zones is listed in the bottom row of Table 1. The RMS fit error
is low in all cases �between 2 and 3 �m in pre-LASIK and
post-LASIK monozone models�. Nevertheless, the multizone
model provides lower errors, especially for OZ �0.33 �m�.

3.2 Comparative Study
The goodness of fit for the complete set of patients and mod-
els is summarized in Fig. 7 in terms of the RMS fit error.
Error bars �standard deviation� represent subject variability.
From this figure, it is patent that the Zyoptix group had lower
fit error before surgery; on the contrary, the Allegretto group

model �right panel� with a direct plot of the original data �left panel�.

Fig. 7 RMS fit errors �in micrometers� obtained by using the nonseg-
mented monozone models �both pre- and post-LASIK� and multizone
models for the three groups of subjects. RMS errors for individual
zones are also included. The multizone reconstruction keeps the RMS
fit errors similar to pre-LASIK levels.
ltizone
July/August 2008 � Vol. 13�4�7
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howed higher errors; and the PlanoScan group represents an
ntermediate case. Roughly speaking, a lower fit error would

ean a more regular topography, and vice versa. After sur-
ery, we find basically the same relationship; i.e., no signifi-
ant differences in postsurgical changes among groups. There
s a significant increase in the fitting error after LASIK for the

onozone model �global average passes from
.43 �m to 2.47 �m�. The optical zone, however, shows a
uch lower error �average 0.28 �m�, whereas TZ, P, and the
hole multizone model �average 1.24 �m� keep the error

imilar to that of the pre-LASIK level. These results are es-
entially the same obtained above for subject AFD.

Figure 8 compares the estimated versus programmed diam-
ter of the optical zone. In all cases, the estimated, or
ffective,21 diameter is lower than the nominal programmed
alue. The average values were 6.57�0.27 mm and
.50�0.40 mm, respectively, so that the difference is slightly
bove 1 mm �1.05 mm, 1.15 mm, and 0.97 mm for PlanoS-
an, Zyoptix, and Allegretto, respectively�. As we said before,
his difference is explained by the different definition of pro-
rammed and effective OZ. We cannot determine whether this
ffect is due to surgery or is a bias of our segmentation algo-
ithm. Both factors probably contribute to reduce the effective
iameter.

The eccentricity, or elongation, of the effective optical
one is 0.29�0.13 for PlanoScan, 0.24�0.13 for Zyoptix,
nd 0.31�0.17 for Allegretto �global average 0.27�0.14�.
he average elongation was nearly horizontal, as in the ex-
mple of Fig. 5, but the orientation showed a large intersub-
ect variability: 3° �44°. Among groups, Zyoptix displays a
lightly lower elongation, i.e., more circular OZ. Conversely,
he Allegretto treatment seems to produce slightly larger elon-
ations. The coordinates of the ablation center with respect to
he vertex normal �origin of the corneal topography map� are
iven in Fig. 9. Average decentrations are low for the three
roups: x0=0.00�0.06 mm, y0=0.00�0.09 for PlanoScan;
.01�0.09 mm, 0.02�0.10 for Zyoptix; 0.07�0.24 mm,
.10�0.10 mm, for Allegretto; global average, x0
0.02�0.13 mm, y0=0.04�0.10. Therefore, ablation pro-
les seem well centered and with quite reasonable standard
eviation values, especially for the PlanoScan group. Only

ig. 8 Computed versus programmed diameter of the optical zone for
ll subjects. Vertical dashed lines separate the three groups.
ournal of Biomedical Optics 044035-
four cases �three Allegretto, one Zyoptix� showed decentra-
tions greater than 0.25 mm. A possible explanation for these
small differences found among groups might be related to the
degree of the surgeon’s training with the different systems.

The analysis of the corneal topography model provides the
curvature radii, conic constants, optical axis, and Zernike co-
efficients. In myopic LASIK, the curvature radii increase after
surgery �see Table 2�. As in the example, post-LASIK average
values also show higher values in the optical zone, as com-
pared to the monozone model; the transition zone shows a
smaller increase with intermediate values, whereas the periph-
ery shows lower radii. If we compare groups, both PlanoScan
and Zyoptix present similar outcomes, but Allegretto shows
higher increments. Interestingly, for the last group, the curva-
ture radii do increase even in the periphery.

The resulting average conic constants are listed in Table 3.
In this case, only values for Qx are given, because Qx and Qy
are highly correlated in the ellipsoid model.2 Average values
show the same trends as in the above example. The initially
negative conic constants �−0.41� become positive after sur-
gery. This effect is more marked in the optical zone �average
+0.29�. Among groups, Zyoptix provides lower Q values, but
positive �average +0.14 in OZ�, whereas Allegretto produces
higher values �average +0.55 in OZ�. As we will discuss later,
passing from negative to positive Q values after surgery will
notably increase spherical aberration.

The average orientation �angles � and � with respect to the
x and y-axes, respectively� and coordinates of the corneal
intercept, apex, of the corneal optical axis are listed in Table
4. In ellipsoid model 2, the optical axis is defined by the
orientation and position of the ellipsoid axis along z. It is
patent that the surgery modifies both the position and orien-
tation. The angles � and � show much higher standard devia-
tions than averages, thus suggesting a wide intersubject vari-
ability. Such variability increases strongly after surgery
�typical values above 10°�, indicating low predictability. The
apex coordinates also change after surgery, typically by sev-
eral tenths of a millimeter. Again, standard deviations are

Fig. 9 Estimated decentrations �mm� of the central ablation pattern for
all subjects. Symbols represent the three different treatments:
PlanoScan �black triangles�, Zyoptix �gray circles�, and Allegretto
�open squares�.
July/August 2008 � Vol. 13�4�8
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igher than averages, so that there seems to be a strong ran-
om component.

Finally, the global RMS of the Zernike coefficients ob-
ained by fitting the irregular part of the corneal topography is
ummarized in Table 5. Average RMS values for the different
roups are given for the pre- and post-LASIK monozone
odels, as well as for the optical zone alone. LASIK surgery

eems to increase the RMS values, which means a higher
urface irregularity, except for the PlanoScan group, where
nitial values were high already. Interestingly, postsurgical
ariability decreases, both within and between groups, which
uggests that laser ablation yields more homogeneous patterns
f surface irregularities. On average, this surgery does not
eem to increase surface irregularities. Among groups, Alle-
retto seems to produce a higher relative increase in Zernike
oefficients, but the final values seem to be within normal
alues. The Zernike RMS values for the post-LASIK OZ are
uch lower because this optical zone is more regular, but also

ecause the normalization diameter used to compute the co-
fficients was different: 6 mm for the optical zone and 9 mm
or the monozone models. In OZ we can appreciate equiva-
ent, but more marked, differences among groups.

Discussion
o far, we have presented a multizone model of corneal to-
ography for postsurgical eyes. Here it is essential to have the
orrect number of zones as well as the area covered by each
one. The number of zones was chosen a priori according to
he type of surgery. In the particular case of myopic LASIK,

Table 2 Average curvature radii �mm� along h
groups of patients. Pre-LASIK and Post-LASIK c
correspond to the three zones after LASIK.

Pre-LASIK Post-LAS

PlanoScan H
V

7.66±0.27
7.39±0.21

8.31±0
8.06±0

Zyoptix H
V

7.65±0.10
7.45±0.16

8.16±0
7.96±0

Allegretto H
V

7.85±0.30
7.59±0.28

8.98±0
8.75±0

Average H
V

7.70±0.24
7.47±0.22

8.42±0
8.20±0

Table 3 Conic constant Qx �horiz

Pre-LASIK Post-LASIK

PlanoScan −0.41±0.17 0.04±0.40

Zyoptix −0.41±0.10 −0.08±0.33

Allegretto −0.40±0.07 0.49±0.22

Average −0.41±0.12 0.11±0.40
ournal of Biomedical Optics 044035-
the model considers three: OZ, TZ, and P. However, the size
of the zones �masks� resulting from the segmentation algo-
rithm differ from the programmed ones �5.50-mm vs.
6.57-mm average values�. The programmed diameter of the
OZ is a nominal value, whereas the resulting effective diam-
eter is estimated through a segmentation in which points are
assigned to a given zone according to the homogeneity of the
descriptors. To determine the source of this bias, we con-
ducted a series of control tests, changing parameters and de-
scriptors in the segmentation algorithm. We found that the
segmentation was highly robust against changes in param-
eters. However, we obtained significantly worse results when
removing one or two descriptors. We tried different segmen-
tations using only two parameters �curvature-fit error or
curvature-distance�, but the results were less robust and reli-
able, and the resulting zones often showed several discon-
nected areas.

Mainly, descriptor D �distance to the center� showed a sig-
nificant effect in decreasing the effective optical zone. In sub-
ject AFD, for example, the diameter of the effective optical
zone was 5.46 mm versus a 6.5-mm programmed nominal
value. When we repeated the segmentation, removing descrip-
tor D �that is, using only two descriptors�, the result was
5.93 mm. Therefore, descriptor D appears to introduce a bias
of about 0.47 mm on the estimation of the effective optical
zone. Nonetheless, there is a remaining offset of 0.57 mm,
which cannot be accounted for by segmentation biases. We
conclude that from the 1-mm average difference, about 50%

tal �H� and vertical �V� directions for the three
nd to monozone models and OZ, TZ, and P

OZ TZ P

8.46±0.38
8.29±0.41

8.11±0.24
7.91±0.30

6.98±3.32
6.77±3.20

8.48±0.50
8.27±0.39

8.05±0.31
7.82±0.28

7.18±1.57
6.98±1.52

9.26±0.70
9.12±0.59

8.68±0.38
8.52±0.44

8.23±0.84
7.94±0.77

8.68±0.62
8.50±0.57

8.23±0.41
8.03±0.44

7.39±2.17
7.16±2.09

or the three groups of patients.

OZ TZ P

.27±0.62 −0.14±0.38 −0.45±0.92

.14±0.61 −0.18±0.28 −0.68±0.83

.55±0.31 0.19±0.16 −0.08±0.40

.29±0.56 −0.07±0.33 −0.45±0.79
orizon
orrespo

IK

.24

.29

.33

.30

.47

.42

.48

.46
ontal� f

0

0

0

0

July/August 2008 � Vol. 13�4�9



i
c
z
c
o
b
m
r
a
p
n
d
l
i

T
t
s
o
a
t

P

Z

A

A

T
a
a

P

Z

A

A

González, Hernández-Matamoros, and Navarro: Multizone model for postsurgical corneas: analysis of standard…

J

s due to segmentation bias, whereas there is another 50%
ontribution that is an effective overlapping by the transition
one in terms of lack of homogeneity of descriptors �Gauss
urvature and fit error�. This sort of uncertainty in the limits
f effective zones reveals that there is a statistical uncertainty,
ut also that it is difficult to establish unique criteria and
etrics to determine the effective boundaries. In fact, a major

eason to include a transition zone in LASIK treatments is to
void discontinuities, and in practice this means to avoid
rints or marks �i.e., no real physical boundaries�. Conversely,
ominal programmed zones may differ from effective ones
ue to uncertainties associated to alignment, eye movements,
aser spot size, etc. Therefore, the definition of effective zones
s an open question that deserves further study. Descriptor D,

able 4 Average orientation of the optical axis and apex position for
he three groups of patients. For the pre-LASIK case, the data corre-
pond to the global monozone model, whereas we only consider the
ptical zone for post-LASIK corneas. Angles are positive for downside
nd nasal orientations. Coordinates are in millimeters with respect to
he vertex normal.

Pre-LASIK OZ Post-LASIK

lanoScan �
�

−1.09° ±5.49°
−0.01° ±3.56°

1.71° ±3.56°
−3.94° ±10.01°

x0
y0

−0.09±0.75
−0.01±0.46

0.14±0.53
−0.54±1.38

yoptix �
�

1.04° ±2.19°
0.20° ±2.24°

6.87° ±13.31°
−0.64° ±9.17°

x0
y0

−0.09±0.32
0.02±0.30

−0.77±1.27
0.03±1.29

llegretto �
�

1.17° ±1.39°
−1.92° ±2.47°

−2.44° ±16.76°
−0.58° ±12.69°

x0
y0

0.01±0.26
−0.25±0.33

0.63±1.70
0.30±1.00

verage �
�

0.13° ±3.99°
−0.39° ±2.99°

2.80° ±12.45°
−1.69° ±10.19°

x0
y0

−0.06±0.53
−0.06±0.39

−0.11±1.33
−0.09±1.26

able 5 RMS of the Zernike coefficients �in micrometers� resulting
fter model fit to the corneal topographies �monozone for Pre-LASIK
nd Post-LASIK, and multizone for OZ�.

Pre-LASIK Post-LASIK OZ

lanoScan 9.34±5.60 8.77±3.12 1.11±0.41

yoptix 6.40±3.51 7.65±2.69 0.743±0.19

llegretto 6.15±2.91 9.06±1.97 1.40±0.29

verage 7.64±4.61 8.37±2.67 1.03±0.40
ournal of Biomedical Optics 044035-1
proposed here, seems to cause an underestimation of the di-
ameter of the estimated optical zone, but it guarantees a ro-
bust and efficient segmentation, which in turn provides good
reconstructions of post-LASIK topographies. Nevertheless,
the proposed segmentation method is flexible and robust
enough so that the definition of descriptors and metrics could
be further optimized to avoid �or to minimize� biases, which
will be the subject of future work.

The comparative study revealed considerable differences
among the three types of treatment. Initial differences among
the groups of patients, such as somewhat higher levels of
myopic correction in the Allegretto group, or some more regu-
lar corneas in the Zyoptix group, may explain some, but not
all, differences. Geometrical parameters such as conic con-
stants are known to have a decisive impact on spherical aber-
ration. Figure 10 compares the average wavefront aberration
for the pre-LASIK and for the three post-LASIK groups.
These aberrations were computed by ray tracing on the topog-
raphy model for a 6-mm pupil diameter using Matlab code.
Error bars represent standard deviations among subjects.
Three main conclusions can be extracted from this figure:

1. There are significant differences in the outcomes of the
different treatments, but, surprisingly, differences do not seem
related to customization in this sample of patients. Zyoptix
�custom� and PlanoScan �standard� yield totally equivalent
outcomes with no statistically significant differences. How-
ever, corneas treated with Allegretto �custom� show signifi-
cantly higher RMS wavefront error. This is always the case
either if we consider total wavefront �averages: Allegretto
2.27�0.40 �m, Zyoptix 1.60�0.72 �m, and PlanoScan
1.62�0.56 �m�, HOA �Allegretto 1.71�0.34 �m, Zyoptix
1.01�0.48 �m, and PlanoScan 1.02�0.35 �m�, third-order
aberrations �coma and trefoil�, or fourth-order spherical aber-
ration �Allegretto 1.31�0.20 �m, Zyoptix 0.81�0.39 �m,
and PlanoScan 0.74�0.50 �m�. Only second-order aberra-
tions �defocus and astigmatism� are similar for the three treat-
ments.

Fig. 10 Average wave aberration �in micrometers� for pre-LASIK
�white bars� and the three post-LASIK groups: PlanoScan �textured bar
with lines�, Zyoptix �black bars�, and Allegretto �gray bars�. This plot
includes total wavefront error, HOA, second-order only, third-order
only, and spherical aberration.
July/August 2008 � Vol. 13�4�0
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2. HOA increase in all groups of patients. For Zyoptix and
lanoScan, HOA increase by a factor of about two on aver-
ge, whereas for the Allegretto group, HOA increase by a
actor of three approximately. Results in Fig. 10 suggest that
ost of this increase is due to spherical aberration, but third-

rder aberrations �coma and trefoil� also increase. In particu-
ar, the increase in third-order aberrations is almost compa-
able to that of spherical aberration for the Allegretto group.
he relative contribution of spherical aberration to the higher-
rder aberrations is important for the three groups. Before
urgery, spherical aberration represents about 50% of HOA,
hereas after surgery 80% of HOA is due to spherical aber-

ation. Customization of the treatments does not seem to help
educe spherical aberration in this particular sample of
atients.

3. The improvement in second-order aberrations seems
odest apparently. However, the defocus coefficient is mean-

ngless for the cornea alone, whereas corneal astigmatism im-
roves after LASIK in all cases. The Zernike coefficient, Z5
horizontal-vertical astigmatism�, decreases significantly for
ll of the operated corneas, from an initial average value of
1.12�0.89 �m to −0.41�1.37 �m, −0.90�0.79 �m,
nd −0.54�0.70 �m for Allegretto, Zyoptix, and PlanoScan,
espectively.

In summary, HOA increase considerably after surgery.28

lanoScan �standard� and Zyoptix �custom� show totally
quivalent outcomes, consistent with previous findings,29

amely that HOA increase by a factor of about two after stan-
ard surgery. Custom surgery did not seem to improve these
esults, at least in this particular group of patients. The incre-
ent of SA is consistent with the change in the conic con-

tants, which pass from negative to positive values after sur-
ery. These results suggest that the optical quality of the
ornea deteriorates with surgery in both custom and standard
reatments. In this sense, PlanoScan and Zyoptix provided to-
ally equivalent outcomes, whereas HOA increased more in
he Allegretto group, where the levels of refractive correction
ere higher.

In conclusion, the multizone model permitted us to extract
nd analyze more and more precise information. It is true that
uch of the analysis of the optical zone can be done on a
onozone model by considering the central 6 or 6.5 mm, but

he multizone model adds further valuable information. First
f all, and this was the primary goal of the method, by con-
idering different zones we can keep a high fidelity in the
opography model after surgery. Results in Fig. 7 show that
he RMS fit error �fidelity metric� obtained with the multizone
odel after surgery is equivalent to that of the pre-LASIK
odel. In addition, the RMS error seems slightly lower and
ore homogeneous both between and within �lower error

ars� groups. On the other hand, this type of model allows us
o analyze the morphology and alignment of effective zones,
efined in terms of homogeneity of the descriptors used rather
han nominal values. The set of three descriptors used in the
resent implementation provided reasonable results, but these
re not unique and perhaps better ones could be used in future
ork. In the comparative study, we focused mainly on the
ptical zone, but an independent analysis of all the effective
ones might help gain further insight on the effects of laser
blation.
ournal of Biomedical Optics 044035-1
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