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Abstract. The fundamental idea of this work is to modify Descemet’s
Stripping Endothelial Keratoplasty DSEK mathematical model by incor-
porating the Zernike polynomial to examine Higher Order Aberrations
(HOA). This model has been developed in a way that can identify the type
of aberration occurring after a keratoplasty. Model variables are com-
pared with the data available in already published literature. Surgically
induced Higher Order Aberrations (HOA) and change in corneal power
are the main outcome measures. Eye illness and their treatments have
always been an interesting topic of discussion for researchers. Mechani-
cal and software engineers have managed to helped ophthalmologists by
developing advanced machines that can identify the patients’ complaints
in seconds. Moreover, several new and advanced surgical procedures have
been adopted for eye problems. One amongst them is eye aberration. Only
recently has it become possible to detect one type of aberration (Astigma-
tism & Higher Order Aberrations) with special equipments. However, it is
still not easy to identify aberrations as Myopia and Hyperopia. This paper
studies the induced eye aberrations caused by DSEK and their detection
through a modified DSEK model.

AMS Subiject Classification Codes00A71; 34Axx; 34C60; 65D17; 33C47
Key Words: Mathematical Model; Zernike Polynomial; Aberration; Stability; Differential

Equation.

1. INTRODUCTION

Eye illnesses and their treatments have always been an exciting topic of discussion for
researchers. Mechanical and software engineers have helped ophthalmologists by devel-
oping advanced machines that can diagnose a patient’s ailment within seconds. Moreover,
several new and advanced surgical procedures have been adopted for various eye problems.
One among them is eye aberration. To be specific, when the components of the eye that are
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involved in refraction, the lens and cornea, have some defect, it prevents light rays from
being focused at a single point and results in a distorted or blurred image. This situation
is called “Eye Aberration”. “Chromatic Aberration” is the one in which distortion of color
occurs. There are normally two kinds of eye aberration: “Lower-Order Aberration” caused
by abnormal shaped cornea includes nearsightedness (myopia), farsightedness (hyperopia)
and astigmatism; “Higher-Order Aberration” (HOA) are more complex then lower ones,
caused mainly by the abnormal curvature of the cornea or crystalline lens. Such aberrations
can also occur due to scarring of cornea. There are some other highest order aberrations.
Among them, only two spherical aberrations, such as trefoil and also coma, are of very
much clinical importance in this work.

The cause of increase in myopia might be the spherical aberration after LASIK especially at
night time. It also might result in photos of points surrounding halos. Spherical aberration
exacerbates low-light myopia (night-time myopia). The pupil constricts under brighter con-
ditions, absorbing the more distant rays and reducing the spherical aberration effect. Many
peripheral rays penetrate the eye when the pupil enlarges and the concentration changes
anteriorly, hence under low-light settings the individual gets even more myopic. Coma is
normal in patients recovering from poor corneal grafts, keratoconus and good laser abla-
tions. Trefoil causes fewer picture content loss relative to coma.

Among total aberrations of the eye, higher-order aberrations comprises of only 10% of
these aberrations, and these aberrations increase with ageing.

There are usually three types of aberrations hyperopia, myopia i.e. positive defocus, and
the normal type of astigmatism called low-order aberrations. Few of the first order aberra-
tions are very insignificant and do not effect the vision process at all. They are commonly
named as zero order aberration piston and prisms. Approximately 90% aberrations of an
eye are low-order aberrations.

Measuring the aberrations of the eye has recently become possible and is mostly treated
through refractive surgeries. Many researchers have studied various cases and treatments
related to aberrations of eye. Jason et al. [13] studied 109 normal human subjects and
analyzed that Zernike modes are efficient basis functions for describing the eye’s wave
aberration. Another group of researchers [10] studied optical aberration measurements us-
ing infrared (787 nm) and visible light (543 nm) in a heterogeneous group of subjects to
assess whether aberrations are similar in both wavelengths and to estimate experimentally
the ocular chromatic focus shift. Sometimes eye aberrations can also occur as a side ef-
fect of some refractive surgery. As some ophthalmologists [12] discovered symptomatic
postoperative laser refractive surgery with patients having irregular corneas have higher-
order aberrations that are 2.3 to 3.5 times greater than asymptomatic postoperative Laser-
Assisted In-Situ Keratomileusis (LASIK) and normal preoperative eyes, respectively. The
higher-order aberrations seem to correlate with corneal topography. Kohnen et al. [9] deter-
mined that Myopic and hyperopic LASIK had different patterns of HOA induction. Myopic
LASIK induced positive spherical aberrations and positive secondary astigmatism, whereas
hyperopic LASIK induced negative spherical aberrations and negative secondary astigma-
tism. Hyperopic LASIK induced more third- and fifth-order coma like aberrations than
myopic LASIK.

Queilds et al. [14] analyzed the three techniques that increase the wavefront aberrations of
the cornea and change the relative contribution of coma like and spherical like aberrations
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among them corneal refractive therapy induces more spherical like aberrations than stan-
dard and custom LASIK.

Goldstone et al. [3] compared the results of contact lens corneal refractive therapy and
LASIK to analyze that both can effectively correct myopia, but both these techniques in-
crease higher order aberrations to a similar degree for 6mm pupils. However, the statistics
in this paper show that spherical aberrations were significantly higher after Corneal Re-
fractive Therapy (CRT) than after LASIK. Barbero et al. [2] studied ocular and corneal
aberrations, before and after cataract surgery, in a group of eyes with spherical Intraocular
Lens (IOL) and observed that pseudophakic eyes, healthy eyes having aberration problems,
and eyes before cataract surgery of the same age. They noticed that all of them have same
type of aberrations. However, aberrations in pseudophakic eyes are significantly higher in
younger people, they found a slight increase of corneal aberrations after surgery.

In this work, by modifying a mathematical model, higher-order aberrations are studied as
a consequence of Endothelial Keratoplasty. Since such aberrations can also be caused by
scarring of the cornea, the best way to describe them mathematically is Zernike Polynomi-
als [11]. Zernike's has the ability to express wave front data in polynomial form. Therefore,
the term describing aberrations occurring in vision is represented by Zernike polynomial in
this work.

L. Vasudevan and F. Andre [19] provided the detailed mathematical formulation and dis-
cussion of Zernike polynomials. Their work comprises of mathematical basis, orthonor-
mality, recurrence relations, relation with other polynomial sequences, wavefront error and
transformation of Zernike polynomials. Also, algebraic expansion of sequence orders one
through ten in the form of tables is provided. Most interestingly, different forms of pupil
such as scaled, translated, rotated and elliptical are also deliberated upon.

Iskander et al. [5] considered a set of orthogonal basis functions formed by the product of
angular functions and radial polynomials to model the anterior corneal surface analytically.
Aberrations are mostly defined by the Zernike polynomials, they describe these shapes as
the sum of simplicial shapes or as the shape of base functions. Zernike polynomials can be
of any order but mostly for aberrations first fifteen polynomials are considered. These or-
ders describe the aberration either positive or negative and will show constantly changing
image quality. Few examples of such aberrations are trefoil, spherical aberration, coma,
piston etc.

Zernike polynomials are written & in polar coordinate$p, §) wheren is the order of
aberration;n gives the angular frequency means the number the wavefront pattern repli-
cates himselfp is the radial distance for a particular pupil ahdhows the angle.

The main reasons for using Zernike polynomials instead of using any other set of orthogo-
nal polynomials are:

(1) Zernike's are orthogonal in the interior of a unit circle, only for continuous form.
They will not be orthogonal for discrete type within a unit circle [15].

(2) Zernike’s possess radial symmetry which leads to a product funﬁt(gzor)lG(e/),
whereG(#') is a continuous periodic function, defined@&’) = e="?

(3) Radial function always has to be a polynomiaif degreen and contain no power
of p less tham i.e. n > m.
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4
m R (p) is odd ifm is odd
(P 9) = {Rgl(p) iseven  ifmiseven
Zy'(p, @) = R} (p) cos(mg) form >0

Zernike Polynomials = 2] (p, ¢) = {Z;m (5. 6) = R7(p) sin(me) Form <0

where
(=1)*(n — k)! ok
R p) =) - "
o NG ST = k)
VYm,n > 0 with n > m, ¢ is the azimuthal angle is the radial distance < p <
1.

For one-dimensional plane such as cornea the radial polynomials are given as

TABLE 1. Zernike radial polynomials to be utilized in modified DSEK
mathematical model.

m n Zernike Radial Polynomial
0 0 Ry(p=

1 1 RY(p)=

0 2 Rp'(p)=2p*—1

2 2 RP(p)=p?

1 3 Ry(p)=3p"—2p

3 3 Ry(p)=p’

0 4 R(p)=6p"—6p>+1

2 4 Ry(p)=4p*—3p°

4 4 Ry (p)=p'

2. MoDIFIED DSEK MATHEMATICAL MODEL

Khalid & Fareeha [8] developed a DSEK mathematical model through the consideration
of relationships of ocular parameters among themselves to analyze the behaviour of ocular
parameters after DSEK. Also the change in refractive power of eye through DSEK model.
Now, in this paper, a modified DSEK model is developed to find out the reason of the
induction of HOA after DSEK. The facts for the formation of modified DSEK model are
the same as Khalid & Fareeha [8] suggested. In this work, it is assumed that the vision
of eye from the front side mainly depends on four parameters, refractive gridpaxial
lengthg(¢), corneal curvature(t) and central corneal thicknes§). Moreover, the radial
polynomials are considered here as cornea is considered to be a one dimensional plane for
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simulation. Their governing differential equations are therefore given as

P (1) a;fg T g(t) + 6+ R (p)
i) .
q(t) 58 O vq(t) — s(t)q(t) 2.1)

Yy =" )~ sl

s(t)
s (£) =s()p(t) + s(t)a(t) + a(t) = Ry (p)

The dynamics of the eye after Descemet’s Stripping Endothelial Keratoplasty can be ob-
served through the following equatiatit) = p(t) + ¢(t) + r(t) + s(t). Change in this
dynamics can be observed from the following equation

d d d

Do) = Sp(t) + S g0 + D) + St
d B r(t)
av(t) = (a— 25)3715)

If o =20 then%v(t) = 0 and hence show no change in vision after DSEK. In this work,

let us consider that > 2. In order to understand the behaviour of this system presume a
setw for modified DSEK mathematical model with initial conditions

w=A{(p,q,rs)|p=p. >0,g=qo > 0,71 =1, > 0,5 =15, > 0}. (2.2)

. d .
Consider an autonomous systen% = G(w), G:D C R™ — R". For modified
DSEK mathematical model E&1be

dv

— = F(t,v(¢ 2.3
o = Flto) (2.3)
Where F' and G are locally Lipschitz inv € R and their solution existyt > 0. If
F(t,v(t)) — G(v) ast — oo uniformly for v € D then system in EG.3 is said to be
asymptotically autonomous with limits system of E@.

Lemma 2.1. Supposé’ and G are locally Lipschitz irv € D see [4, 6]. If any solutions
of system E@.1are bounded and the equilibri&,,,;; of Eq2.2is globally asymptotically
stable, then any solution of¢) of system in EQ.2 such thatim;_..cv(t) = Eequa

Theorem 2.2. Al feasible solution = v(t) = (p(t), q(t), (1), s(t)) of DSEK model in
Eg. (2.1) are bounded and enters the regionby= {(p,q,7,s)|p = po > 0,9 = ¢o >
0,7 =1, > 0,8 = s, > 0} ifand only ifa = 2 thenw(t) is closed and bounded on
region(2.
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Proof. Givenv = (p(t),q(t),r(t),s(t)), thenu(t) = F(p(t),q(t),r(t),s(t)). On dif-

dv d
ferentiating it becomes_ = —((p+q+r+5s)

dt dt
PR INONN O N T
[ridt [ . .
o [ Lo e~ [ty str / p(te+ [ 50 [ pioyir)ae
5t—5f8$ )dt —ﬂ/f /q(t)dt—s(t)/ (t)dt+
/s /q t)dt)dt + s( )/p(t)dt— /s’(t)(p(t)dt)dt+
s(t)/q(t)dt+/s’(t)(/q(t)dt)dt—l—/ ()t — R (o)1)
(2.4)
dv r(t)
i (a — 2ﬂ)@ (2.5)

Sincea, 3,7,6 > 0, the conditiona > 2 is proved to be compulsory for closed and
bounded region. In this case practicadlft) # 0 so this rational function is continuous
everywhere. therefore it is established that

d r(t)
dt(p+Q+7"+5) (04—25)@ (2.6)
It is deduced that Eq2(]) is bounded. O

3. QUALITATIVE AND STABILITY ANALYSIS

For the qualitative analysis, by taking derivative terms of modified DSEK mathematical
model equal to zero and upon solving [Ed.and consideringy > 24 gives the only
R (p) +8)° (R(p)+96) . RI(phy -

n ,— ,0, —=2 . Modified DSEK
S S RZF</?>+5) A
model cannot have a trivial equilibriuf0, 0, 0, 0) since physically this trivial equilibrium
has no meaning for E8.1. Jacobian matrix for system Exnl given as

equilibrium point as<(

r e ar(t) 7
RN Pl
a(f’gv h’Z) — 0 -7 = S(t) _% Sz“t 9 Q(t) (37)
(p,q,7,s) , X 3 gr&) .
—s(t) - —@ s(1)? —p(t)
L s(t) 1+ s(t) 0 p(t) +q(t) J
Theorem 3.1. Systen?. lhas((Rm( p)+ 5)2 (R (p) +9) 0 R"m(so)7§> as alocally

R (p)y? g T Ry(p) +
stable and globally asymptotically stable equilibrium if and only if
is satisfied otherwisé’ is an unstable equilibrium.
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Proof. The local stability of this equilibrium solution can be given by linearizing the sys-
(R (p)+90)* (By'(p) +0) R (p)y
tem[2.1 around n ,— ,0, —2
o ( Ry(p)y? Ty Ry (p) +6
values given in Tablg and equilibrium point, the Jacobian becomes

) then by using parameters

0 3.32 —30.120 — Ig,-,%f})) 0
0.0498 0.825 m
0 -~ 5o 15.060 + 70 0.0045 + 0.301R™ (p)
JBqg = | 232mg(0) -1 15.060 + %225 0.0027 + 0:0000204 | .09072RTT (p)
0.0161 R (p) : R (p) : R (p) : n (P
3.32R}" (p) 3.32R ' (p) 0.0000204 m
- ~ GoTerRTy 0 ~0.00723 — 0000204 — 0.39192R]' (o)

(3.8)
The obtained characteristic polynomial is given as
a4+ b2 +ex+d

where
1

“T REPARE() +0)

(=287 +12 + 35 +70) + R () (=7 + (3 + 21)9) )

b= Rg@(p)%z%(lgmp) +9) ( — (R (p) + 8) (R (p)* (B + By +7° —~°) + 86—

Ry (p)? (V2 (e +8) + B(v* =30 = 290)) + R (p)d( =726 + B(—* +7° + 35 + 75)))
1

T Rp()2(Ry(p) +0)

R (p)* (120 +9%)0—B(y" = 83 + 330)) + Ry ()26 (a7(y? + 0) = Bl3" — 66 + 30))

d=(a—=28)(R;(p) +0)

By applying Routh Hurwitz stability criteria from [7] on the characteristic polynomial

equation, stability of modified DSEK systeinl can be determined as follows

(R (p)2(1+7) + 8%(=By +0) + R ()0

(Ri(p)' (38 + v — By +17) — Ry2(p) 370 — o'+

st 1 b d
S3 a c 0
g2 ab—c d
a

2

d
st _ ¢

¢ ab— ¢

S° d 0

As Routh Hurwitz criteria states that for a system to be stable the first column of table must

have positive terms or similar sign terms therefore modified DSEK mathematical model
will only be stable ifa‘lbz‘j’C < ¢ < ab otherwise unstable. Also for the stability of system

requiresab # c. Otherwise modified DSEK mathematical model is unstable in region
elsewhere. 0O

Therefore, the result stated in Lemid! is proved. After mathematically proving the
stability, uniqueness and existence of the modified DSEK mathematical model, it is now




96 Fareeha Sami Khan and M. Khalid

necessary for readers other than mathematicians to demonstrate the applicability and effec-
tiveness of this model.

4. NUMERICAL SIMULATION

For numerical simulation, accurate data collection is most important aspect. Hence, we
will examine this model for two different ethnic populations i.e. Hispanic and Chinese. To
verify the results of eye surgery on Hispanic population, data have been collected from
previously published research papers see Tabla San Francisco glaucoma clinic from
June 2002 to April 2004 around 116 Hispanic race eyes were studied Aghaian et al. [1] for
central corneal thickness and calculated to be 548rh but for ease of our calculation we
converted it into 0.548mm. Twelker et al. [18] analyzed 4881 eyes among them was 22.9
% were Hispanic and among those results we picked refractive power of Hispanic eyes as
7.62 mm, axial length as 23.99 mm and 7.78 mm as corneal curvature.

To verify the results of eye surgery on Chinese population, data has been collected

TABLE 2. Description of values for constants and variables according to
Hispanic eyes [16, 17].

Constants & Variables Values

« 100

Ié] 50

¥ 3.32 mm

) 15um
p(0) 7.62 mm
q(0) 23.99 mm
r(0) 7.78mm
s(0) 0.5481mm

from previously published research papers see Tabl€&or this model the mean value

of axial length was taken from Yin et al. [20] because their research study involved 3468
persons in which 1963 were women approx 56.6% with a mean age af 848 §ears, the
individuals age range was between 50 to 93 years. And as this study suggested the mean
of axial length was 23.261.14mm. Since this study was only to observe the axial length

so for the estimation of Corneal Curvature for Chinese race we looked into [21]. In San
Francisco glaucoma clinic from June 2002 to April 2004 around 157 Chinese race eyes
were studied by [1] for Central Corneal Thickness and calculated to be /a8%6t for

ease of our calculation we converted it into 0.5556mm.

Now, two cases of aberration will be discussed for both ethnic groups using the details
in Table2 and3 and a thorough discussion of the results will be given. Note that for the
simulation a Zernike radial polynomial will be used.

4.1. Piston. The first case of aberration is called Piston in this the Zernike polynomial
considered for Zernike i€ = 1. Piston is also called the zeroth order Zernike polyno-
mial. This surface is constant over the entire plane and hence show no error or variance.
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TABLE 3. Description of values for constants and variables according to
Chinese eyes [16, 17].

Constants & Variables Values

« 100

Ié] 50

vy 3.32mm

) 15 um
p(0) 7.50 mm
q(0) 23.25 mm
r(0) 7.84mm
s(0) 0.5556mm

Usually among the Zernike polynomials Piston is ignored because it do not disturb the im-
age quality but is used in the calculating the mean value of an ocular wavefront. Commonly
this means a normal vision that show no aberration in vision. Hence the whole plane is of
same colour and have no pattern in it.

Based on this description the simulation for Chinese population shows disturbance in vision
and hence a huge oscillation can be seen inlfgt after 3-4 days it become smooth and
normal in one color plane. Color bar also depicts the zeroth order that is Pistos &t

This oscillation is due to the surgery impact on eye but as soon the eye heals completely
the vision becomes normal.

Now, by simulating the modified DSEK model for Hispanic population shows disturbance
in vision and hence a huge oscillation can be seen ir2Higt after 3-4 days it become
smooth and normal in one color plane. Color bar also depicts the zeroth order that is Piston

atn = 0. This oscillation is due to the surgery impact on eye but as soon the eye heals
completely the vision becomes normal.

Ocular Parameters
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20 30 20 5o Time(days)

FIGURE 1. A graphical illustration of a modified DSEK model demon-
strating the existence of Piston after DSEK in Chinese population eyes.
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4.2. Astigmatism. Astigmatism is a popular issue in vision induced by a corneal-shaped
defect. With astigmatism, there is an irregular curve to the lens of the eye or cornea, which
is the front surface of the eye. This will adjust the way light travels to the retina, or refracts.
This allows vision to be distorted, fuzzy or blurry. Basically in astigmatism the light ray
do not focus on retina instead have two focal points this is why the image appears to be
blurry. Further this astigmatism is divided into four cases. First one is Simple Hyperopic
Astigmatism: in this astigmatism one focus line ends up on retina but the second focus
line ends up behind the retina. Second case is of Simple Myopic Astigmatism: in this
type of astigmatism one focus line is on retina whereas the second focus line ends in front
of the retina. then comes the third case of astigmatism it is called Compound Hyperopic
Astigmatism: in this case both focal lines ends up behind the retina and in the last case

Ocular Parameters

FIGURE 2. A simulated illustration of the modified DSEK model show-

ing the appearance of Piston in the Hispanic population’s eyes after
DSEK.
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1.0
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53 S 3
e
e e —
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° @«
o

<5 Time(days)

Ocular Parameters
3.0
25

20

= - T T %0 Time(days)

FIGURE 3. A graphical illustration of a modified DSEK model demon-
strating the existence of Astigmatism after DSEK in Chinese population
eyes.
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Ocular Parameters

3.0

25

20

FIGURE 4. A simulated illustration of the modified DSEK model show-
ing the appearance of Astigmatism in the Hispanic population’s eyes af-
ter DSEK.

that is called Compound Myopic Astigmatism: both the focal lines ends up in front of the
retina. Zernike polynomial which describes astigmatisiis and Z2 so on colour scale

it will be astigmatism if region has colour af = 2.

In Figi3 Chinese race is simulated by modified DSEK model for forty days time by using
data in TableZ. Since astigmatism is blurred and fuzzy vision so this model depicts
its vision in positive and negative plane. This yellow orangish area irBFlgscribes

the distorted vision and the vertical colour bar represents the order of aberration. Since
astigmatism is a second order aberration which meanrs 2 so the colour bar clearly
shows the astigmatism range. Hence, the Chinese race has a fair chance of occurring
astigmatism. Among four types of astigmatism it is Compound Myopic Astigmatism as
two focal bars can be seen in the Bg.

In Figidl Hispanic race is simulated by modified DSEK model for forty days time by
using data in Tabl&. Since astigmatism is blurred and fuzzy vision so this model depicts
its vision in positive and negative plane. This yellow orangish area i Fgscribes
the distorted vision and the vertical colour bar represents the order of aberration. Since
astigmatism is a second order aberration which means 2 so the colour bar clearly
shows the astigmatism range. Hence, the Hispanic race has a fair chances of occurring
astigmatism. Among four types of astigmatism it is Compound Myopic Astigmatism as
two focal bars can be seen in the Bg.

5. CONCLUSION

In this paper, we modified the DSEK model successfully by introducing the Zernike
polynomial in the model. The stability, uniqgueness, and existence of this modified system
is proved. This model is simulated using software to detect two types of aberrations in two
ethnicities, Chinese and Hispanic. Data was collected from previous published research
papers on DSEK.
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The aim of this paper was to utilize a system of ordinary differential equations for detect-
ing the types of aberration that occur after DSEK. Results show that by using this modified
DSEK model, we can detect the aberration and its types in both ethnicities, Chinese and
Hispanic. Both ethnicities can have normal vision or astigmatism. Similarly, by varying the
Zernike polynomial we can detect all types of aberrations, whether they exist in a patient
after DSEK or not.

In the future, these aberrations and their types can be explored further by modified DSEK
mathematical model. Such as horizontal/vertical coma, horizontal/vertical tilt and horizon-
tal/vertical trefoil etc.

ACKNOWLEDGE

The authors are thankful to the critics for their thorough attempts to edit this publication
and greatly value the feedback and positive criticism that have contributed substantially to
its quality development. Ms. Wishaal Khalid is also thanked by the authors for proofread-
ing the research article.

REFERENCES

[1] E. Aghaian, J.E. Choe, S. Lin and R.L. Stami@entral corneal thickness of Caucasians, Chinese, Hispan-
ics, Filipinos, African Americans and Japanese in a glaucoma clinic. Ophthalmolbgyea, 111 (2004)
2211-2219.

[2] S. Barbero, S. Marcos and |. Jimez-Alfaro,Optical aberrations of intraocular lenses measured in vivo
and in vitrg J. Opt. Soc. Am. A20(2003) 1841-1851, DOI: 10.1364/JOSAA.20.001841

[3] R.N. Goldstone, E.H. Yildiz, V.C. Fan and P.A. Asbelthanges in higher order wavefront aberrations
after contact lens corneal refractive therapy and LASIK surgérRefract. Surg26 (2010) 348-55, DOI:
10.3928/1081597X-20100218-03.

[4] J.K. Hale, Ordinary Differential Equations John Wiley & Sons: New York, USA, 1969; ISBN: 978-
0486472119.

[5] D.R.Iskander, M.R. Morelande, M.J. Collins and B. DaWkdeling of corneal surfaces with radial poly-
nomials IEEE Trans. Biomed. Eng49 (2002) 320-328, DOI: 10.1109/10.991159

[6] Z. Jin and Z. Ma,The stability of an SIR epidemic model with time deldyiath. Biosc. Eng.3 (2006)
101-109, DOI: 10.3934/mbe.2006.3.101.

[7] O. Katsuhiko,Modern Control EngineeringPrentice-Hall, New York, USA, 1970; 252258, ISBN: 0-13-
227307-1

[8] M. Khalid and F.S. KhanNonlinear DSEK Model: A Novel Mathematical Model that Predicts Stability in
Ocular Parameters after Descemets Stripping Endothelial Keratopl®stgjab Uni. J. of math52 (2020)
1-14.

[9] T. Kohnen, K. Mahmoud and J. iBren, Comparison of corneal higher-order aberrations in-
duced by myopic and hyperopic LASIOphthalmology, 11210) (2005) 1692.e1-1692.e11, DOI:
10.1016/j.ophtha.2005.05.004

[10] L. Llorente, L. Diaz-Santana, D. Lara-Saucedo and S. Mawberrations of the human eye in visible and
near infrared illumination Optom. Vis. Sci.80(2003) 26-35, PMID: 12553541.

[11] R.J. Mathar,Zernike Basis to Cartesian TransformatiorSerb. Astron. J.179 (2009) 107-120, DOI:
10.2298/SAJ0979107M.

[12] G.J. McCormick, J. Porter, I.G. Cox and S. MacRd¢igher-order aberrations in eyes with ir-
regular corneas after laser refractive surgeryOphthalmology, 112(10) (2005) 1699-709, DOI:
10.1016/j.ophtha.2005.04.022.

[13] J. Porter, A. Guirao, I.G. Cox and D.R. Williamglonochromatic aberrations of the human eye in a large
population J. Opt. Soc. Am. A18(2001) 1793-1803, doi: 10.1364/JOSAA.18.001793

[14] A. Queiros, C. Villa-Collar, J.M. Gonalez-Meijome, J. Jorge and A.R. Gétrez, Effect of pupil
size on corneal aberrations before and after standard laser in situ keratomileusis, custom laser in



Examine Higher Order Aberration in Eyes after DSEK 101

situ keratomileusis, and corneal refractive therapym. J. Ophthalmol.,150 (2010) 97-109, DOI:
10.1016/j.aj0.2010.02.003.

[15] K. Rudolph,Applied Optics and Optical Engineeringfcademic Press: New York, USA, 1992; pp. 1-375,
ISBN-13: 978-0124086111

[16] F. Sicard, B. Jany, D. Bennali and G.D. BremoAdsessment of angle and anterior chamber changes after
Keratoplasty Acta Ophthalmologica90 (2012) 1755-3768, DOI: 10.1111/j.1755-3768.2012.4648.x

[17] T. Timothy, T.T. McMahon, T.B. Edrington, L. Szczotka-Flynn, H.E. Olafsson, L.J. Davis and K.B.
Schechtmanlongitudinal Changes in Corneal Curvature in Keratocon@®rnea,25 (2006) 296-305,
DOI:10.1097/01.ico.0000178728.57435.df

[18] J.D. Twelker, G.L. Mitchell, D.H. Messer, R. Bhakta, L.A. Jones, D.O, Mutti, S.A. Cotter, R.N. Klenstein,
R.E. Manny, K. Zadnik and S.G. Cleeghildren’s Ocular Components and Age, Gender, and Ethnicity.
OphthalmologyOptometry and vision science: Official publication of the American Academy of Optometry,
86(2009) 918-935.

[19] L. Vasudevan and F. AndreZernike polynomials: A guideJ. Mod. Opt.,58 (2011) 545-561, doi:
10.1080/09500340.2011.554896

[20] G.Yin, Y.X. Wang, Z.Y. Zheng, H. Yang, L. Xu, J.B. Jonas, B.E.S. Group, R.N. Klenstein, R.E. Manny, K.
Zadnik and S.G. Cleer®cular axial length and its associations in Chinese: the Beijing Eye SRIdgS
One,7 (2012) e43172.

[21] Y.Y. Zhang, W.J. Jiang, Z.E. Teng, J.W. Feng, Y.H. Yuan, T.L. Liang, W. Hui, W. Sun, X.R. Wang, H.B.
Sheng and J.B. JondSprneal Curvature Radius and Associated Factors in Chinese Children:The Shandong
Children Eye StudyPLoS ONE,10(2015) e0117481.



