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Purpose: To theoretically compare corneal displacement and the von Mises (VM) stress
distribution of deep anterior lamellar keratoplasty (DALK) and penetrating keratoplasty
(PK) for keratoconus (KC) and to evaluate the effects of residual stromal thickness (RST)
and intraocular pressure (IOP) on postoperative corneal biomechanics.

Methods: We performed DALK and PK simulations using Ansys by employing
anisotropic nonlinear hyperelastic corneal material properties. We analyzed corneal
displacement and VM stress in DALK and PK models under IOPs of 10, 15, 20, and
25mmHg.We established two DALKmodels: The ideal-type DALK ensured that postop-
erative central corneal thickness was constant at 560 μm and the corneal graft thick-
ness varied with RST. The clinical-type DALK ensured that corneal grafts had the same
thickness (500 μm) regardless of RST. Then we analyzed the effects of RST and IOP on
postoperative corneal displacement and VM stress.

Results: Corneal displacement and VM stress were lower in the DALK than in the PK
model. In the ideal-type DALK model, an increase in RST was associated with increased
deformation and decreased VM stress in the healing zone, except for a RST of 0 μm. In
the clinical-type DALKmodel, deformation and VM stress in the healing zone decreased
with an increase in RST, except for a RST of 0 μm.

Conclusions: DALK showed more stability than PK. For the ideal-type DALK model, an
increase in RST resulted in decreased postoperative corneal biomechanics in the healing
zone. For the clinical-type DALK model, corneal deformation and VM stress decreased
with an increase in RST, which provides numerical evidence for the design of corneal
transplantation for patients with KC.

Translational Relevance: In this computational modeling study, we first theoretically
compared corneal biomechanics between DALK and PK for KC. Then, the effects of RST
and IOPonpostoperative corneal biomechanicswere investigated. Our findings provide
novel insights into the optimal design for corneal transplantation for patients with KC.

Introduction

Keratoconus (KC) is a progressive, non-
inflammatory disorder characterized by thinning
and protrusion of the central or paracentral cornea,
with consequent irregular myopic astigmatism. X-ray

diffraction studies have indicated that the collagen fiber
network in patients with KC is disorganized and lacks
uniform orientation.1,2 Collagen fibril arrangement
and density in the stroma are primary contribu-
tors to corneal biomechanical stiffness. Localized
corneal thinning and reduced corneal elastic modulus
affect KC protrusion.3 Biomechanical studies have
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demonstrated that the elasticmodulus of KC is reduced
by 50% to 60% compared with normal corneas.4,5

Appropriate treatments for KC should be desig-
nated based on KC progression; for patients with
severe KC or those for whom nonsurgical treatments
fail to achieve acceptable visual acuity, deep anterior
lamellar keratoplasty (DALK) and penetrating kerato-
plasty (PK) are the most frequent surgical options.6
Two types of DALK exist: pre-descemetic with deep
stromal dissection (pd-DALK; ≥75%) and descemetic
with total stromal resection (d-DALK).6–9 The main
goals of surgical treatment forKC are to improve visual
acuity and enhance corneal biomechanical properties
to prevent KC from reoccurring. KC may reoccur
following PK or DALK, but latency is considerably
longer in PK than DALK (20 years vs. 4 years).10,11
Unfortunately, we have been unable to estimate the
incidence of recurrent ectasia. There is a general
consensus that d-DALKand PK are themost favorable
surgical techniques for restoration of best uncorrected
visual acuity for KC.6 Ardjomand et al.12 compared
visual function after DALK and PK in 23 patients
with KC and concluded that residual stromal thick-
ness (RST) affected visual function following DALK.
Specifically, KC eyes with RST less than 20 μm had
visual acuity comparable to that of PK.However, other
studies comparing visual acuity between pd-DALK
and d-DALK have reported no significant difference
in visual acuity at an average follow-up time of 30.4
months, although eyes in the d-DALK group tended
to exhibit more rapid visual recovery.7,13,14 Regard-
ing corneal biomechanics, evidence suggests that resid-
ual stromal tissue reduces the risk of Descemet’s
membrane (DM) rupture15 and prevents microperfo-
rations from progressing to macroperforations during
surgery.16

Several studies have compared corneal biome-
chanics in vivo following DALK and PK using
the Ocular Response Analyzer (Reichert Ophthalmic
Instruments, Buffalo, NY) or Corvis ST (OCULUS,
Wetzlar, Germany).17–22 However, results have been
controversial, with the majority of studies conclud-
ing that corneal biomechanical strength after DALK is
more stable than that after PK,17–19,22 whereas others
have reported no difference or uncertain results.20,21
These clinical observations do not provide a suffi-
cient theoretical basis for evaluating postoperative
corneal biomechanics as a whole. There has been a
paucity of research on the effects of RST on corneal
biomechanics after DALK. The finite element model
(FEM) is a useful tool for providing insight into the
effects of geometrical parameters on corneal deforma-
tion.23–28 Therefore, we aimed to establish a realistic
three-dimensional model of DALK and PK for KC

for numerical analysis and to evaluate the effects of
RST and intraocular pressure (IOP) on postoperative
corneal biomechanics. This study is the first to theoret-
ically compare corneal biomechanics between DALK
and PK.

Methods

FEMModeling of Cornea in a Computational
Model

Normal Corneal Geometry
The cornea is the transparent outer covering of the

eyeball that is comprised of five layers: epithelium,
Bowman’s membrane, stroma, Descemet’s membrane,
and endothelium.29 The stroma forms approximately
90% of the entire thickness of the cornea and is the
main contributor to corneal biomechanics. Unloaded
normal corneas are assumed to be symmetric with a
half-sphere shape at the central region and are clamped
at the sclera, which provides a reasonable approx-
imation of a healthy corneal shape.3,30 We created
corneal geometry with an idealized smooth surface
and axisymmetric geometry using a spherical coordi-
nate system. The origin of the coordinates was the
vertex of the posterior corneal surface. Figure 1A
details the dimensions of the corneal geometric model,
which were based on previously published data.3,31
Hyperelastic material behavior was supported in Ansys
18.0 (Ansys, Inc., Canonsburg, PA) for shell, plane,
and solid elements. We applied solid elements with
eight nodes (Ansys SOLSH190) in consideration of the
limitations of the shell elements in the Ansys appli-
cation of boundary conditions. This solid element
simulates shell structures of various thicknesses and
possesses analytical characteristics such as plasticity,
hyperelasticity, stress stiffening, creep, large deforma-
tion, and large strain. It is able to simulate the behavior
of almost incompressible and completely incompress-
ible elastic–plastic materials. Because corneal biome-
chanics is depth dependent,32 we divided the normal
cornea into 12 element layers in the depth direction
as follows. We modeled the epithelium and Bowman’s
membrane as a layer of elements with a constant thick-
ness of 45 μm. We modeled the DM and endothelium
as a layer of elements with a constant thickness of
15 μm, which contributes minimally to corneal biome-
chanical properties. We divided the corneal stroma
(500 μm) equally into 10 layers.We created a hexahedral
mesh for all geometric parts using HyperMesh 2017.2
(Altair Engineering, Troy, MI), resulting in approx-
imately 206,200 elements, including 157,200 for the
normal cornea and 49,000 for the sclera (Fig. 1B).



FEM Analysis of DALK and PK for Keratoconus TVST | August 2021 | Vol. 10 | No. 9 | Article 15 | 3

Figure 1. Geometry and FEM of the normal cornea, DALK, and PK. (A) Geometry of the normal cornea. (B) FEM of the normal cornea.
(C) Schematic of the DALK procedure. (D) FEM of DALK. (E) Schematic of PK procedure. (F) FEM of PK.
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Table. Constitutive Parameter Settings for Each Layer of Cornea

Material Parameters

Corneal Tissue Partition Constitutive Equation µ α

Epithelium, endothelium, and Bowman’s membrane Ogden first-order 0.0054100 110.4
Anterior 40% corneal stroma Ogden first-order 0.0718310 110.4
Posterior 60% corneal stroma Ogden first-order 0.0422790 110.4
Anterior 40% of peripheral healing zone Ogden first-order 0.0359160 110.4
Posterior 60% of peripheral healing zone Ogden first-order 0.0211400 110.4
Sclera Ogden first-order 0.2709105 150.0
Keratoconus region Ogden first-order 0.0232535 110.4

Corneal Material Properties
Following creation of the geometry, we assigned

material properties and boundary conditions to the
model. Corneal biomechanical properties are complex
and exhibit nonlinear, anisotropic, viscoelastic, and
creep behaviors.33–35 We designated the cornea as
an anisotropic, hyperelastic, and nearly incompress-
ible material in the FEM to improve computational
efficiency based on previous modeling by Khan et al.,25
Kling and Marcos,28 Pandolfi and Manganiello,36 and
Elsheikh and Wang.37 Corneal biomechanics is depth
dependent, and tensile strength in the anterior stroma
is nearly twice that of the posterior stroma.32 To model
corneal mechanical behavior, we employed a first-order
hyperelastic Ogden material model:25,30,38

W =
N∑

i=1

μi

αi

(
λ̄

αi
1 + λ̄

αi
2 + λ̄

αi
3 − 3

) +
N∑

k=1

1
Dk

(J − 1)2k

(1)
where λ̄1, λ̄2, and λ̄3 represent the deviatoric principal
stretches = J–1/3λk (k = 1, 2, 3); λ1, λ2, and λ3 are the
principal stretches; J = λ1λ2λ3; and α, μ, and D are
the material constants. D is a compressibility param-
eter whose value depends on Poisson’s ratio (ν). The
reported values of ν ranged from 0.45 to 0.50,27,39,40
and we assumed a value of 0.49 in this study. Constitu-
tive parameters α and μ indicate the material constants
representing the strain-hardening exponent and shear
modulus, respectively, according to a previous study
(Table).41

FEMModeling of DALK
Figure 1C presents a schematic of DALK surgery.

The graft diameter (d1 + 0.5 mm) was 7.75 mm.
The healing zone diameter (d2) was 0.5 mm and was
comprised of the graft and recipient, each constituting
0.25mm.We applied binding contact elements in graft-
recipient modeling. We assumed two distinct zones in
theDALKmodel (Fig. 1D), including healing and non-

healing zones. We divided the healing zone into two
parts in the direction of depth (anterior 40% and poste-
rior 60%). Based on previous studies,42 we reduced the
material parameters (α, μ) in the healing zone by 50%
compared with the normal cornea. The central non-
healing zone was composed of five parts in the direc-
tion of depth, including the epithelium and Bowman’s
membrane, the anterior 40% and posterior 60% of the
corneal stroma, host KC region, DM, and endothe-
lium. We estimated the diameter of the KC region with
weak corneal biomechanical strength to be 7 mm.26
We decreased the material parameters (α, μ) by 50%
in accordance with ex vivo evidence of a 50% to 60%
decrease in elastic modulus in KC corneas.4,5 The two
DALKmodel schemes, ideal-type and clinical-type, are
described below.

Ideal-Type DALK
The ideal-type DALK ensured that postoperative

corneal thickness remained constant at 560 μm, with
the goal of achieving a final corneal shape approximat-
ing the physiological curvature of the normal cornea.
The thickness of the corneal graft (500, 450, 400, 350,
and 300 μm) varied with RST (0, 50, 100, 150, and
200 μm) (Supplementary Fig. S1A). Due to the limited
technology available for accurate fabrication of grafts
with various corneal thicknesses, we defined this model
as the ideal-type DALK.

Clinical-Type DALK
We defined clinical-type DALK as corneal grafts of

the same thickness (500 μm) in the clinic, regardless
of variability in RST in the host cornea (0, 50, 100,
150, and 200 μm) (Supplementary Fig. S1B). Clini-
cal optical coherence tomography results of DALK
(Supplementary Fig. S2) indicated that the poste-
rior surface of the cornea had a downward convex
under the action of sutures and the posterior surface
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Figure 2. Displacement andVMstress distribution of the normal cornea under different IOPs. (A) Displacement of the normal cornea on the
anterior surface, posterior surface, and integral cross section. (B) VM stress of the normal cornea on the anterior surface, posterior surface,
and integral cross section. (C, D) Displacement and VM stress intensity plotted at the central section of the posterior surface of the normal
cornea along the radius of the cornea.

transitioned smoothly during modeling when graft-
recipient thickness exceeded host corneal thickness.

FEMModeling of PK
Figure 1E presents a schematic of PK surgery. The

graft diameter (d1 + 0.5mm) was 7.75mm. The healing
zone diameter (d2) was 0.5 mm and was composed
of the graft and recipient, each comprising 0.25 mm.
We applied binding contact elements in graft-recipient
modeling. We assumed two distinct zones in the PK
model (Fig. 1F): healing and non-healing. We divided
the healing zone into two parts in the direction of depth
(anterior 40% and posterior 60%). Similar to those for
DALK, material parameters (α, μ) in the PK healing
zone were reduced by 50%. The central non-healing
zone was composed of four parts in the direction of
corneal depth, including the epithelium and Bowman’s
membrane, anterior 40% and posterior 60% of the
corneal stroma, DM, and endothelium.

Results

Displacement and VonMises Stress
Distribution of Normal Cornea Under
Different IOPs

Figure 2A depicts the displacement distribu-
tion of the normal cornea under physiological IOP
(15 mmHg). The maximum deformation was 0.008016
mm and was located on the posterior surface of the
corneal stroma, as indicated in the blue box. Figure 2B
depicts the von Mises (VM) stress distribution in the
normal cornea under physiological IOP (15 mmHg).
The maximum VM stress was 0.018678 MPa and was
located in the anterior 40% of the corneal stroma,
as depicted in the blue box. Deformation and stress
distribution trends were consistent under other IOPs
(10, 20, and 25 mmHg).
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Figures 2C and 2D depict the displacement and
VM stress intensity plotted at the central section of
the posterior surface of the normal cornea along
the corneal radius. This calculation is extracted from
the elements at the junction of the corneal stroma
and the DM, because the VM stress of corneal
endothelium is very small and it is difficult to
compare the difference between groups (DALK and
PK are the same position). Herein, the cornea exhib-
ited greater deformability at higher IOP values. The
VM stress calculated in this study was of the same
magnitude as that reported by Gefen et al.3 and
Pandolfi et al.43

Displacement and VM Stress Distribution of
Ideal-Type DALK

The values and coordinates of maximal corneal
deformation and VM stress following ideal-type
DALK are presented in Supplementary Table S1. We
selected a typical model with a RST of 50 μm for
analysis to examine the effects of IOP on deforma-
tion and VM stress. Figure 3A depicts the corneal
central posterior surface (Fig. 3A-a), graft slave surface
(Fig. 3A-b), and recipient master surface (Fig. 3A-
c) as primary locations for assessing deformation and
stress. Figure 3B depicts the displacement distribu-
tion of the ideal-type DALK (RST = 50 μm) under
physiological IOP (15 mmHg). The maximal defor-
mation was 0.009556 mm and was located on the
posterior surface of the corneal stroma, as depicted
in the blue box. Figure 3C depicts the VM stress
distribution of the ideal-type DALK (RST = 50 μm)
under IOP (15 mmHg). The maximal VM stress was
0.020596 MPa and was located on the anterior surface
of the corneal stroma, as indicated in the blue box.
Maximal deformation and VM stress were located
on the posterior and anterior surfaces of the corneal
stroma, respectively, for other RSTs (0, 100, 150, and
200 μm) and IOPs (10, 20, and 25mmHg). The position
of maximal VM stress moved toward the corneal center
as RST increased (Supplementary Table S1).

Figures 3D and 3E depict the displacement and
VM stress intensity plotted at the central section of
the posterior surface after ideal-type DALK (RST =
50 μm) along the corneal radius under different IOPs.
The cornea exhibited greater deformability at higher
IOP values. The coordinates of the maximal deforma-
tion were (0.00, –3.47, –0.96) and were located within
the coordinates of the graft-recipient healing zone (x/y:
3.39–3.85). The coordinates of the maximal VM stress
were (0.13, –4.19, –0.70) and were located outside of
the graft-recipient healing zone (x/y: 3.39–3.85).

Figures 3F and 3G depict the VM stress intensity
plotted at the surface of the graft (slave surface) and
recipient (master surface). The values of VM stress
exceeded 0, indicating that the graft was close to the
implant bed and increased with IOP.

Effects of RST on Displacement and VM
Stress of Ideal-Type DALK

Figures 4A and 4B depict the displacement and VM
stress of the posterior corneal surface after ideal-type
DALK with different RSTs (0, 50, 100, 150, and 200
μm) under physiological IOP (15mmHg). Figures 4A-a
and 4A-b depict the amplification views of the healing
and optical zones, respectively. In the ideal-type DALK
model, a thicker RST produced greater deformation in
the healing zone (Fig. 4A-a). In the optical zone, defor-
mation trends were consistent. We observed the great-
est deformation with a RST of 200 μm and the least
deformation with a RST of 50 μm (Fig. 4A-b). Regard-
ing VM stress, in the healing zone, with the exception
of RST of 0 μm, which had the smallest value, VM
stress decreased with an increase in RST (Fig. 4B). In
the optical zone, with the exception of RST of 0 μm,
which had the largest value, VM stress increased with
an increase in RST (Fig. 4B).

Displacement and VM Stress Distribution of
Clinical-Type DALK

The values and coordinates of maximal corneal
deformation and VM stress following clinical-type
DALK are presented in Supplementary Table S2. To
examine the effects of IOP on deformation and VM
stress distribution, we selected a typical model with
a RST of 50 μm for analysis. Figure 5A depicts
the corneal posterior surface (Fig. 5A-a), graft slave
surface (Fig. 5A-b), and recipient master surface
(Fig. 5A-c) as primary locations for studying defor-
mation and stress. Figure 5B depicts the deforma-
tion distribution of clinical-type DALK under physi-
ological IOP (15 mmHg). The maximal deformation
was 0.009499 mm and was located on the posterior
surface of the corneal stroma, as indicated in the blue
box. Figure 5C depicts the VM distribution of clinical-
type DALK under physiological IOP (15 mmHg). The
maximal VM stress was 0.020042MPa and was located
on the anterior surface of the corneal stroma, as
indicted in the blue box. Maximal deformation and
VM stress were located on the posterior and anterior
surface of the corneal stroma, respectively, for other
RSTs (0, 100, 150, and 200 μm) and IOPs (10, 20, and
25 mmHg).
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Figure 3. Deformation and VM stress distribution after ideal-type DALK with a RST of 50 μm under different IOPs. (A) Denotation of the
central posterior corneal surface (A-a), graft slave surface (A-b), and recipientmaster surface (A-c) as primary locations for studying deforma-
tion and stress. (B) Displacement after ideal-typeDALKon the anterior surface, posterior surface, and integral cross section. (C) VM stress after
ideal-type DALK on the anterior surface, posterior surface, and integral cross section. (D, E) Displacement and VM stress intensity plotted

→
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at the central section of the posterior surface after ideal-type DALK along the radius of the cornea. (F, G) VM stress intensity plotted at the
surface of the graft (slave surface) and recipient (master surface) after ideal-type DALK.

Figure 4. Effect of RST on displacement and VM stress after ideal-type DALK under IOP of 15 mmHg. (A) Displacement after ideal-type
DALK with different RSTs under physiological IOP (15 mmHg); amplification views of the healing zone (A-a) and optical zone (A-b). (B) VM
stress after ideal-type DALK with different RSTs under physiological IOP (15 mmHg); amplification views of the healing zone (B-a).

Figures 5D and 5E depict the displacement and VM
stress intensity plotted at the central section of the
posterior surface for clinical-type DALK under differ-
ent IOPs. The cornea exhibited greater deformability
at higher IOP values. The coordinates of the maximal
deformation were (3.36, 0.98, –0.98) and were located
within the coordinates of the graft-recipient healing
zone (x/y: 3.37–3.85). The coordinates of the maximal
VM stress were (–3.56, 0.00, –0.30) and were located
inside the graft-recipient healing zone (x/y: 3.37–3.85).

Figures 5F and 5G depict the VM stress inten-
sity plotted at the surface of the graft (slave surface)
and cornea (master surface). The values of VM stress
exceeded 0, indicating that the graft was close to the
implant bed and increased with IOP.

Effects of RST on Displacement and VM
Stress of Clinical-Type DALK

Figures 6A and 6B depict the displacement and VM
stress of the posterior corneal surface after clinical-
type DALK with different RSTs (0, 50, 100, 150, and
200 μm) under physiological IOP (15 mmHg). Figures
6A-a and 6A-b depict the amplification views of the
healing and optical zones (dotted line), respectively. In
this model, a greater RST produced a smaller defor-
mation in the healing zone, with the exception of RST

of 0 μm (Fig. 6A-a). In the optical zone, the deforma-
tion trends exhibited a consistent pattern; we observed
the least deformation with a RST of 200 μm and great-
est deformation with a RST of 0 μm (Fig. 6A-b).
Regarding VM stress, with the exception of a RST of
0 μm with a large change, VM stress decreased with
an increase in RST in the healing and optical zones
(Fig. 6B).

Displacement and VM Stress Distribution of
PK

Figure 7A depicts the displacement distribution of
PK under physiological IOP (15 mmHg). The maximal
deformation was 0.00985 mm and was located on the
posterior surface of the corneal stroma, as indicated in
the blue box. Figure 7B depicts the VM distribution of
PK under physiological IOP (15 mmHg). The maximal
VM stress was 0.020203 MPa and was located on the
anterior surface of the corneal stroma, as indicated in
the blue box. The maximal values of deformation and
VM stress were located on the posterior surface and
anterior surface of the corneal stroma, respectively, for
other RSTs (0, 100, 150, and 200 μm) and IOPs (10, 20,
and 25 mmHg).

Figures 7C and 7D depict the displacement and
VM stress intensity plotted at the central section of
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Figure 5. Deformation and VM stress distribution after clinical-type DALK with RST of 50 μm under different IOPs. (A) Denotation of the
central posterior corneal surface (A-a), graft slave surface (A-b), and recipient master surface (A-c) as primary locations for studying defor-
mation and stress. (B) Displacement after clinical-type DALK on the anterior surface, posterior surface, and integral cross section. (C) VM
stress after clinical-type DALK on the anterior surface, posterior surface, and integral cross section. (D, E) Displacement and VM stress

→
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intensity plotted at the central section of the posterior surface after clinical-type DALK along the radius of the cornea. (F, G) VM stress
intensity plotted at the surface of the graft (slave surface) and recipient (master surface) after clinical-type DALK.

Figure 6. Influence of RST on deformation and VM stress after clinical-type DALK under IOP of 15mmHg. (A) Displacement of clinical-type
DALK with different RSTs under physiological IOP (15 mmHg); amplification views of the healing zone (A-a) and optical zone (A-b). (B) VM
stress of clinical-type DALK with different RSTs under physiological IOP (15 mmHg); amplification views of the healing zone (B-a).

the posterior surface for PK under different IOPs. The
cornea exhibited greater deformability at higher IOP
values. The coordinates of the maximal deformation
were (0.00, 3.58, –1.02) and were located within the
coordinates of the graft-recipient healing zone (x/y:
3.36–3.82). The coordinates of the maximal VM stress
were (3.56, 0.00, –0.35) and were located inside the
graft-recipient healing zone (x/y: 3.36–3.82).

Comparison of Displacement and VM Stress
Among DALK, PK, and Normal Cornea

Figures 7E and 7F depict the displacement and
VM stress for DALK, PK, and the normal cornea.
Displacement was significantly higher for PK and
DALK than for the normal cornea (Fig. 7E). Displace-
ment was higher for PK than for DALK with a RST
of 0 μm, followed by ideal-type DALK with a RST
of 50 μm, clinical-type DALK with a RST of 50 μm,
and clinical-type DALK with a RST of 200 μm. VM
stress in both healing and optical zones was lower for
PK than for the normal cornea (Fig. 7F). VM stress in
the healing zone was lower for DALK (including that
for a RST of 0 μm), ideal-type DALK with a RST of
50 μm, and clinical-type DALK with RSTs of 50 μm
and 200 μm than for the normal cornea (Fig. 7F). VM
stress in the optical zone was lower for PK and DALK

than for the normal cornea, with the exception of a
RST of 0 μm (Fig. 7F).

Discussion

In this study, we have presented a novel FEM
for a KC patient-specific computational simulation of
DALK and PK. We have provided a pilot estimate of
biomechanical changes, including the effects of IOP,
RST, and different surgical protocols on corneal biome-
chanics.

Setting of material properties is critical in FEM
analysis. Histopathological analysis of KC tissue
indicates a decrease in collagen lamella and mechani-
cal failure of collagen fibers, indicative of a degrada-
tion of tissue mechanical properties.2 In vitro biome-
chanical studies have demonstrated that the corneal
elastic modulus of KC is reduced by 50% to 60%
compared with normal corneas,4,5 an observation that
was incorporated in this study. Regarding biomechani-
cal properties of healing tissue after corneal transplan-
tation, wound healing in the corneal stroma restores
the organization of regular collagen and forms a
corneal scar.44 The remodeling process and restoration
of normal transparency occur over several years.45 A
previous study evaluated the mechanical strength of
cicatrices resulting from eight corneal cataract incisions
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Figure 7. Deformation and VM stress distribution after PK under different IOPs and comparison of displacement and VM stress after differ-
ent surgeries. (A) Displacement after PK on the anterior surface, posterior surface, and integral cross section. (B) VM stress after PK on the

→
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←
anterior surface, posterior surface, and integral cross section. (C, D) Displacement and VM stress intensity plotted at the central section of
the posterior surface after PK along the radius of the cornea. (E) Displacement after different surgeries under physiological IOP (15 mmHg).
(F) VM stress after different surgeries under physiological IOP (15 mmHg).

and reported that the break loads of specimens with
corneal incisions were 38%, 60%, and 76% of the break
loads of uninjured specimens after 1, 2, and 3 years,
respectively.42 Following DALK, the healing zone can
be divided into two parts: the peripheral graft-recipient
healing zone and interlamellar graft-recipient healing
zone. Given that the direction of IOP is perpendicular
to the cornea, we assessed only the peripheral healing
zones in DALK and PK.We observed that the material
parameters (α, μ) were reduced by 50%.

We considered the displacement and VM stress
distribution of the normal cornea and observed that
the maximal deformation (8.016 μm) occurred on the
posterior surface of the cornea, whereas maximal
VM stress (18.678 kPa) occurred within the anterior
40% of the corneal stromal surface. We think that
the VM stress distribution was correlated with the
biomechanical properties of different corneal layers
and the setting of constitutive parameters for each
corneal layer. In this study, we simplified the epithe-
lium and the Bowman layer as a whole and set its
biomechanical parameter μ as 0.005 inmodeling, which
has little effect on the biomechanical properties of the
cornea as compared with the stroma layer. It is gener-
ally recognized that the corneal stroma contributes
most to the overall corneal mechanical behavior. The
corneal stroma biomechanics is depth dependent and
the biomechanical parameters (μ) of the anterior 40%
and posterior 60% corneal stroma were 0.072 and
0.042, respectively. It is well known that the greater the
elastic modulus of the cornea, the greater the stress. In
this normal corneal model, the anterior 40% corneal
stroma has the greatest elastic modulus, so the greatest
VM stress occurs here. Gefen et al.3 also conducted a
three-dimensional FEMand reported that themaximal
displacement of the normal cornea was 56 μm (seven-
fold larger than the value obtained in this study) and
occurred at the corneal apex. The peak stress value
(18.1 kPa) occurred at the corneal apex, which is consis-
tent with our findings. In their study, the FEM consid-
ered the cornea as a transverse-orthotropic elastic
material, and they selected the following values for
elastic moduli of the tissues: Eγ γ = 4.5 MPa, E�� =
2 MPa in the cornea and 0.7 MPa toward the sclera,
and Eθθ = 2 MPa in the central cornea with a gradual
increase toward the periphery (up to 7 MPa in the
sclera). Collectively, these findings highlight differences
in the magnitude of maximum displacement in differ-

ent models and parameters. Following DALK and PK,
corneal stress distribution was altered, and the position
of maximal VM stress shifted from the anterior 40%
of the central corneal stromal surface to the anterior
surface of the peripheral corneal incision. This suggests
that peripheral corneal incisions after keratoplasty
exhibit relatively weak corneal biomechanics, which is
consistent with clinical results indicating that corneal
dehiscence typically occurs at the corneal incision in
keratoplasty-associated trauma.46

Several reports have compared corneal biomechan-
ics following PK and DALK based on clinical observa-
tions.17–19,22 Hosny et al.17 andAbdelkader22 evaluated
corneal biomechanics with ocular response analyzer
after PK and DALK, and they reported that the
parameters corneal hysteresis and corneal resistance
factor were lower in the PK group than in the DALK
group. They concluded that corneas after PK have
weaker biomechanical properties than normal corneas
and that DALK preserves the biomechanical strength
of the corneas to almost normal values. Jiang et al.19
did a meta-analysis to evaluate the corneal biomechan-
ics of patients who had undergone PK or DALK and
reported that both corneal hysteresis and corneal resis-
tance factor had better recovery after corneal trans-
plantation with DALK than PK. Based on analysis
with Corvis ST, Ziaei et al.18 concluded that neither
DALK nor PK could restore corneal biomechanical
properties to those of healthy corneas, although PK
resulted in a greater decrease in corneal biomechan-
ical properties compared with DALK. In contrast,
Maeda et al.20 and Jafarinasab et al.21 reported a
lack of difference or uncertain results between PK
and DALK corneal biomechanics. Our FEM analy-
sis further demonstrated that displacement was higher
after PK than after DALK, which provides a theoreti-
cal basis for previous research. We recommend DALK
for patients with KC based on superior outcomes for
postoperative corneal biomechanics.

Two types of DALK exist, namely, pd-DALK
(≥75%) and d-DALK.7,9 Anwar,47 who first intro-
duced the concept of DALK, noted that dissection of
host tissue close to the DM could lead to the forma-
tion of a smooth and transparent recipient bed, with
functional outcomes similar to those following PK.
There is a consensus that d-DALK and PK are the
best surgical techniques for restoration of best uncor-
rected visual acuity in KC patients.6 Ardjomand et al.12
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compared visual function after DALK and PK in 23
patients with KC and concluded that RST affected
visual function after DALK. They suggested that the
visual acuity of KC eyes with RST less than 20 μm
was comparable to that of PK. Further, comparisons
of visual acuity following pd-DALK and d-DALK
have revealed a lack of significant differences in visual
acuity between the two groups, although eyes in the
d-DALK group tended to exhibit more rapid visual
recovery.7,13,14 Sarnicola et al.48 suggested that resid-
ual stroma may prevent perforation. Marchini et al.15
intentionally retained a minimal stromal thickness of
50 μm to reduce the risk of DM rupture. Herein, we
observed that an increase in RST (with the exception
of a RST of 0 μm) resulted in greater corneal defor-
mation and attenuation of VM stress in the healing
zone following ideal-type DALK. Displacement and
VM stress of the ideal-type DALK with a RST of
50 μm were the smallest, potentially because the ideal-
type DALK assumed a uniform total corneal thick-
ness of 560 μm, and graft thickness decreased with
an increase in RST. In this regard, a greater amount
of remaining diseased tissue in patients was associ-
ated with less depth of the peripheral healing zone. We
concluded thatRST has a greater impact on postopera-
tive corneal biomechanical strength than on the healing
zonewhen the total postoperative central corneal thick-
ness (CCT) is constant; that is, greater RST is associ-
ated with weaker corneal biomechanics. We therefore
recommend an RST of 50 μm for ideal-type DALK
based on corneal stability.

In reality, accurate production of grafts of differ-
ent thicknesses is challenging, which limits the clinical
development of ideal-type DALK. In clinical settings
such as advanced microkeratome instrumentation,
excimer laser, and femtosecond laser, different RSTs
can be achieved in recipients. A full-thickness donor
button without DM and endothelium (500 μm) is
positioned in the recipient bedwith interrupted sutures.
Therefore, postoperative cornea thickness is predomi-
nantly affected by RST. In our research, we observed
that corneal deformation and VM stress after clinical-
type DALK decreased with an increase in RST in
both healing and optical zones. We speculate that the
postsurgical increase in overall thickness is a major
contributor to postoperative stability, which is consis-
tent with the findings of Chen et al.49 Ardjomand et
al.12 demonstrated that visual acuity after DALK with
RST less than 20 μm was comparable to that after
PK, whereas visual acuity was significantly reduced
with a RST greater than 80 μm. Therefore, we recom-
mend that RST should be retained as high as possi-
ble in clinical-type DALK based on the premise that
postoperative visual acuity remains unaffected. In this

regard, future studies should investigate the effects of
RST on vision.We can see that the change of VM stress
distribution and deformation distribution of cornea is
relatively special when RST = 0 in DALK. Herein, the
calculation of the VM stress and deformation on the
posterior surface of the cornea are extracted from the
elements at the junction of the corneal stroma and
the DM. The connection modes of elements between
corneal stroma and DM differed with regard to the
contact connection in the RST= 0 group and common
node in other RST group (50, 100, 150, and 200 μm),
which will mainly affect the VM stress and deformation
distribution of the cornea.

In addition to the effect of RST in DALK on
corneal biomechanics, IOP levels also affect corneal
displacement and VM stress distribution. Herein, the
IOP increased by approximately 5 mmHg, resulting in
a 2.8-μm increase in the displacement of the apex of
the posterior corneal surface (normal group). Regard-
ing clinical-type DALK with a RST of 50 μm and
PK, the increases in displacement were 3.08 μm and
3.17 μm, respectively. A previous study indicated that
an IOP increase of 1 mmHg led to a decrease of 4.5 μm
in the corneal radius of curvature,3 which was higher
than the value observed in this study. Differences in
models and parameters may have underpinned this
discrepancy. Our results indicate that corneal deforma-
tion after DALK and PK is slightly sensitive to IOP
levels compared with that in the normal cornea.

In conclusion, we numerically analyzed corneal
biomechanics after DALK and PK in this study. We
have provided a theoretical description of the effects
of RST in DALK and IOP on postoperative corneal
biomechanics and demonstrated that DALKwas more
stable than PK. When the total postoperative CCT
was constant (ideal-type DALK), an increase in RST
was associated with decreased postoperative corneal
biomechanics in the healing zone. When the graft CCT
was constant (clinical-type DALK), corneal deforma-
tion and VM stress decreased with an increase in RST
in both the healing and optical zones. Finally, IOP
levels did not significantly influence corneal displace-
ment and VM stress. The present FEM study provides
a robust numerical simulation of corneal biomechan-
ics after DALK and PK and offers novel insights
into the optimal design for corneal transplantation in
patients with KC. However, the modeling process still
has limitations related to the accuracy of its assump-
tions. The setting of constitutive parameters for each
layer of corneamay be an important influencing factor.
Also, the exact dimensions and distribution of kerato-
conus zone are not known and were assumed to be
circular, symmetric, and centered in this study. For this
reason, future modeling still must be optimized.
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