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Abstract

PURPOSE—To determine the heterogeneous through-thickness strains in the cornea at

physiologic intraocular pressures before and after corneal collagen crosslinking (CXL) using

noninvasive ultrasound.

SETTING—Department of Biomedical Engineering, Ohio State University, Columbus, Ohio,

USA.

DESIGN—Experimental study.

METHODS—Sixteen paired canine corneoscleral shells were divided into 2 groups. The CXL

group completed a standard CXL protocol using riboflavin–ultraviolet-A (UVA) irradiation. The

control group was given an identical treatment except UVA irradiation. Ultrasound scans (at 55

MHz) of the cornea were obtained before and after treatment as the corneoscleral shell was

inflated from 5 mm Hg to 45 mm Hg to calculate the distributive through-thickness strains in the

cornea. The mean radial and tangential strains of the whole cornea layer, as well as those of the

anterior, middle, and posterior thirds of the cornea, were compared before and after treatment in

the control group and CXL group using linear mixed models with repeated measures.

RESULTS—Significant reductions in tangential and radial strains occurred in the CXL group

(P=.003 and P=.0025, respectively) but not the control group (P=.08 and P=.63, respectively). The

anterior third had the smallest strains in all pretreated corneas (P<.001) and posttreated corneas

(CXL group, P=.023; control group, P=.01).

CONCLUSIONS—Ultrasound speckle tracking showed heterogeneous strain distributions

through the cornea and confirmed that CXL results in a stiffer corneal response (ie, smaller strains

during physiologic loadings). This technique may provide a clinical tool to quantify the

biomechanical effects of CXL.
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Crosslinking of the cornea’s extracellular matrix (ECM) has provided a new therapy for

keratoconus, presumably by manipulating the cornea’s biomechanical properties and

altering its susceptibility to degradation by matrix metalloproteinases.1–4 Corneal collagen

crosslinking (CXL) has the potential to be a treatment option not only for keratoconus but

also for ocular conditions such as corneal ectasia after laser in situ keratomileusis, alkali

burns of the cornea, and infectious keratitis.5–8 However, a better understanding of the

biomechanical effects of CXL is required to optimize this treatment. It has been suggested

that the CXL within the cornea using the clinical standard riboflavin and ultraviolet-A

(UVA) technique occurs via mechanisms that involve the photochemically generated

riboflavin triplets and singlet oxygen.9,10 These reactive agents are thought to induce

variable types of crosslinking in the ECM encompassing collagen and proteoglycan core

proteins.11 The increased chemical bonding between corneal microstructural components is

believed to strengthen the tissue mechanically and reduce its susceptibility to enzymatic

degradations.4,12–15

The ability to repeatedly, accurately, and nondestructively monitor an in vivo biomechanical

metric of the cornea that is affected by CXL would allow for better clinical assessment of

the treatment and provide a tool to catalyze the further development of the therapy. Clinical

studies have quantified the effects of CXL using measures such as refraction, visual acuity,

and corneal topography.1,16 However, these clinical parameters may not be ideal for

monitoring the immediate and progressive biophysical changes associated with CXL. By

measuring the mechanical changes caused by CXL, a more fundamental level of data can be

obtained to objectively characterize the effects of the therapy. Such a metric may provide a

better understanding of the CXL mechanism, allow for improved evaluations of new CXL

methods, and potentially offer an approach to more individualized patient care.17

Characterizing the mechanics of the cornea after CXL with the Ocular Response Analyzer

(Reichert Technologies) using parameters such as corneal hysteresis and the corneal

resistance factor did not yield consistent findings.18,19 In the past, our laboratory has used

noninvasive ultrasonic spectroscopy to quantify the mechanical changes in the crosslinked

corneas using the parameter of aggregate modulus.14 These approaches do not provide

enough spatially resolved detail of the heterogeneous mechanical properties of the cornea

before and after CXL treatment.5 Recent studies have attempted to address this challenge

and develop noninvasive techniques to image the spatial distribution of corneal

biomechanical properties. For example, optical coherence tomography has been used to

generate 2-dimensional (2-D) maps of heterogeneous corneal displacements in response to

the compression from a gonioscopy lens.20 Brillouin microscopy has been used to measure

the 3-dimensional (3-D) interaction of light with intrinsic thermodynamic fluctuations

(known as acoustic phonons) in bovine corneas.21 This photon–phonon interaction is

characterized by a frequency shift in Brillouin-scattered light that is related to the

longitudinal elastic modulus of the tissue. Preliminary studies22 using this method in ex vivo

bovine corneas have shown the feasibility of detecting the effects of different CXL

protocols. High-frame-rate ultrasound (US) at 15 MHz has been used to image shear wave

propagations induced by ultrasonic radiation force and has shown the feasibility of obtaining

2-D and 3-D elastic maps of the corneal surface as a potential way to noninvasively analyze

Palko et al. Page 2

J Cataract Refract Surg. Author manuscript; available in PMC 2015 June 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



the mechanical changes occurring in the cornea after CXL.23 The US elasticity microscope

has also been used to map strains in porcine corneas that were subject to slit deformations.24

In this study, we used a high-frequency US speckle tracking technique25 to quantify the

intraocular pressure (IOP)–induced distributive strains of different cross-sections of the

cornea before and after CXL. This technique measures the displacements of ultrasonic

speckles within the cornea during IOP elevations, providing direct delineation of the local

deformations in response to physiologic loadings to characterize the heterogeneous

mechanical responses of the cornea. Paired canine eyes were used in this study to examine

the strains before and after CXL or a sham treatment without UVA irradiation.

MATERIALS AND METHODS

Canine Globe Preparation

Sixteen globes from 8 dogs of mixed breeds and ages were collected from a local animal

shelter. The posterior third of the globe was dissected, and the interior contents of the eyes

were removed within 60 minutes after the dogs were humanely killed. The remaining

anterior corneoscleral shell was immediately placed in a corneal storage medium (Optisol

GS, Bausch & Lomb) to prevent cornea swelling and maintain tissue integrity. The posterior

border of the corneoscleral shell was then clamped and sealed to a purpose-designed

pressure chamber. The chamber was connected to a pressure control system consisting of a

syringe pump (UltraPhD, Harvard Apparatus) and a pressure transducer (TAM-A, Harvard

Apparatus) controlled by a custom Labview program (National Instruments). After the

corneoscleral shell was clamped to the pressure chamber, the corneal storage medium was

infused into the interior of the shell and applied so it covered the exterior shell surface. The

system was purged of all air to prevent bubble formation on the interior cornea surface. One

eye from each pair was randomly assigned to the control group (n = 8) or the CXL group (n

= 8).

Inflation Testing with Ultrasound Speckle Tracking

A high-frequency (55 MHz) US transducer (Vevo660, Visualsonics, Inc.) was used to

acquire acoustic radiofrequency data from the cornea at inflation pressure levels from 5 mm

Hg to 45 mm Hg. The raw radiofrequency signal from the cornea was sampled using a

digitizer (500 MHz, DP105, Acqiris) and was later used to reconstruct ultrasonic images of

the cornea. Before inflation tests, each eye was preconditioned using 5 cycles of

pressurization from 5 mm Hg to 45 mm Hg in 60 seconds (Figure 1).

The eye was allowed to equilibrate for 300 seconds at 5 mm Hg and then the pressure was

increased to 45 mm Hg using incremental pressurization steps. Specifically, the pressure

was increased by 0.5 mm Hg increments from 5 mm Hg to 15 mm Hg followed by increases

to pressure levels of 18, 20, 23, 25, 30, 35, 40, and 45 mm Hg. Ultrasound radiofrequency

data from the cornea was acquired at each pressure level. Each pressure was held for

approximately 1 minute to allow the system to come to equilibrium before the

radiofrequency data were obtained. Three repeated inflations were performed to collect

radiofrequency data in 3 cross-sections of the cornea as follows: nasal–temporal (N–T),
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superior–inferior (S–I), and another direction (A–A) approximately 45 degrees diagonally

between these 2 axes (Figure 2). The pressure was slowly decreased back to 5 mm Hg after

inflation and allowed to recover for 5 minutes before scanning in a different direction. The

order of the scanning directions was randomized for each eye. The inflation tests with US

speckle tracking were performed before and after treatment in each eye.

A US speckle tracking algorithm was used to process the radiofrequency data to calculate

the distributive strains within the scanned tissue cross-sections.25 Briefly, the US

radiofrequency signals were first filtered using a band-pass filter with a bandwidth of 100

MHz centered at 55 MHz to remove noise. A correlation-based speckle tracking algorithm

was then applied to the radiofrequency signals acquired at 2 consecutive pressure levels to

compute the displacement vector field within the scanning cross-section. A least-square

strain estimator was used to calculate the strains in the axial direction (along the US beam)

and lateral direction (perpendicular to US beam). These strains were converted to the radial

and tangential strains (Figure 3) based on the transform of the global axial–lateral coordinate

to the local radial–tangential coordinate. The average tangential and radial strains across the

entire thickness of the cornea were obtained. To assess the through-thickness strain

variation, the cornea was divided into 3 concentric equal depth layers (ie, anterior, middle,

and posterior third of the cornea). The radial strains and tangential strains in each third of the

cornea were then compared before and after treatment.

Corneal Treatment

Immediately before treatment, the epithelium in all corneas was gently removed by scraping

with a blunt scalpel blade with IOP maintained at 15 mm Hg. After epithelium removal,

riboflavin solution (dextran 20%) was applied at 5-minute intervals for 20 minutes. Corneas

in the treatment group were then irradiated for 30 minutes with double UVA diodes (370

nm; 3 mW/cm2 irradiance) for 30 minutes with continuous application of the riboflavin–

dextran solution at 5-minute intervals following the standard clinical protocol. Figure 4

shows a representative eye mounted on an experimental chamber during riboflavin–UVA

crosslinking. In the control group, the corneas were not exposed to UVA irradiation but had

riboflavin–dextran application every 5 minutes for an additional 30 minutes.

After treatment, the corneas were again covered with corneal storage medium and allowed

to equilibrate in this environment for 10 minutes. The inflation test with US speckle tracking

(as described above) was then repeated on each cornea in the CXL group and the control

group.

Statistical Analysis

Statistical analysis was performed using SAS software (version 9.2, SAS Institute, Inc.). The

mean values of the whole-thickness corneal strains were compared before and after

treatment in the CXL group and the control group using linear mixed models for repeated

measures considering scanning direction (S–I, N–T, A–A) and pressure (10 mm Hg, 20 mm

Hg, 30 mm Hg) as covariates. The radial strains and the tangential strains were analyzed

separately. Linear mixed models were used to determine whether strains at 20 mm Hg IOP

were different in the anterior, middle, and posterior third of the cornea before or after
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treatment. The strains in all 16 pretreated eyes (combining the 2 groups) were analyzed

using linear mixed models with repeated measures to examine whether there were baseline

differences in corneal strains in the 3 scanning cross-sections. A linear mixed model with

repeated measures was also used to estimate the corneal thickness changes before and after

treatment in the control group and CXL group as well as to detect whether there was a

difference in thickness changes between the 2 groups.

RESULTS

Figure 5 shows a typical high-resolution US image reconstructed from the radiofrequency

data obtained via the high-frequency US transducer at a frequency of 55 MHz. Figure 6

shows representative corneal strain maps at an IOP of 15 mm Hg before and after CXL.

Figure 7 shows the mean and standard deviation of the whole-thickness tangential and radial

strains in all pretreated eyes (n = 16) for each scanning cross-section (S–I, N–T, A–A). No

statistically significant difference in radial strains (P=.41) or tangential strains (P=.84) was

found between the N–T, S–I, or A–A orientations at an IOP of 20 mm Hg. The strains at

other pressure levels also showed no significant difference between the 3 scanning cross-

sections.

Comparison of the tangential and radial strains in each third of the cornea (anterior, middle,

posterior) in all pretreated eyes showed no statistically significant difference in radial strains

between the 3 layers at an IOP of 20 mm Hg (P=.43) (Figure 8). For example, the mean

anterior, middle, and posterior radial strains at 20 mm Hg in the N–T cross-section were

−0.036 ± 0.019 (SD), −0.033 ± 0.020, and −0.036 ± 0.017, respectively. The tangential

strains showed an increasing trend from the anterior cornea to the posterior cornea (anterior

< middle < posterior) that was statistically significant (P < .001). For examples, the mean

anterior, middle, and posterior tangential strains at 20 mm Hg in the N–T cross-section were

0.017 ± 0.011, 0.021 ± 0.013, and 0.025 ± 0.012, respectively. The results from the S–I and

A–A scans were similar (data not shown).

A statistically significant reduction in tangential strains and radial strains was found in the

CXL group after treatment (P=.003 and P=.0025, respectively). No significant change in

corneal strains was found in the control group (P=.63, radial strains; P=.08, tangential

strains). Figure 9 shows an example of strains before treatment and after treatment using

data at 20 mm Hg (averaged over all scanning directions). The overall whole-thickness

corneal strains were reduced by a mean of 0.012 ±0.007 in tangential strains and 0.016 ±

0.011 in radial strains, representing a 55.0% and 42.0% reduction, respectively, at an IOP of

20 mm Hg (in the N–T scanning cross-section). A small, but statistically insignificant strain

reduction occurred in the control group, which was treated with riboflavin only, with a mean

overall whole-thickness strain reduction of 0.001 ± 0.005 in tangential strains and 0.001 ±

0.008 in radial strains, a 5.1% reduction and 4.3% reduction, respectively, at an IOP of 20

mm Hg (also in the N–T scanning cross-section). In the CXL group, the mean absolute

strain reduction was larger in the anterior third of the cornea than in the posterior third of the

cornea (Figure 9, left); however, the difference did not achieve statistical significance.
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The tangential strains showed a statistically significant layer effect after treatment in the

CXL group; that is, the anterior third had the smallest strain, followed by the middle layer

and then the posterior layer (P=.023 at 20 mm Hg). No statistically significant difference

was found in the radial strains between the corneal layers after treatment in the CXL group

(P=.21 at 20 mm Hg). Analyses of the layer effects of strains at other pressure levels yielded

similar results. The strain maps in Figure 6 show an example of the reduced tangential and

radial strains in the post-CXL corneas, in particular of the tangential strains in the anterior

third of the cornea. Figure 10 shows the mean tangential strains and radial strains in each

corneal third before and after treatment in the CXL group and the control group. All strain

data are from the N–T cross-section.

Table 1 shows the mean pretreatment and posttreatment corneal thickness in both groups,

calculated by measuring the average distance between the anterior and posterior boundaries

in the US images. The CXL group and the control group had a statistically significant

increase in thickness after treatment (P=.013 and P=.006, respectively). The thickness

increase was not different between the 2 groups (P=.63).

DISCUSSION

This study showed the potential of using high-frequency US speckle tracking to quantify the

heterogeneous mechanical deformations through the thickness of the cornea under

physiologic IOP loadings. Our previous work25 established the accuracy and resolution of

this technique in measuring the strains in a scanning cross-section of the ocular shell. This

approach is noninvasive and does not require acoustic powers higher than what is used in

routine clinical ophthalmic US systems, providing a potential clinical tool to delineate the

spatially resolved mechanical responses of the cornea.

The primary finding in this study is the significant reduction of corneal strains in the

tangential direction and radial direction in canine eyes after a CXL treatment that resembled

the clinical procedure. In addition, we found a significant anterior–posterior gradient in

tangential strains in the pretreated fresh canine corneas and the CXL-treated corneas, with a

trend toward larger strains at the more posterior site. There was no significant difference in

the radial strains from anterior to posterior. We also found that the IOP-induced corneal

strains were not different along the N–T, S–I, and in between (A–A) cross-sections. The

overall nonlinear relationship between corneal strain and IOP is also of interest, with the

cornea appearing to be fairly extensible within normal IOPs (up to approximately 18 mm

Hg) and then becoming relatively inextensible above normal physiologic IOPs; this result is

consistent with that in a previous study in which corneal strains were estimated from

confocal images.26

The tangential strains in fresh corneas in this study were similar to those derived from

alternative strain measurement methods. For example, tracking reflective markers on rabbit

corneal surfaces has yielded tangential strains in the range of 6.0% to 11.0% when the eyes

were inflated from 0 mm Hg to 60 mm Hg.27 Shin et al.28 found mean tangential strains at

the apex of the anterior surface of the human cornea of 1.14% at approximately 35 mm Hg.

Hennighausen et al.26 report mean strains of 1.8% ± 0.1% in the anterior side and 2.1% ±
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0.1% in the posterior side of the normally hydrated rabbit cornea at a pressure of 65 mm Hg,

showing an anterior to posterior strain gradient similar to that in our study. The general trend

toward increased tangential strains on the posterior side of the cornea in these previous

reports is also consistent with the larger posterior strains found in the present study.

More specifically, we found that in the pretreated fresh canine corneas, the tangential strains

were significantly different in the anterior, middle, and posterior thirds of the cornea. This

anterior–posterior gradient in tangential strains is likely an outcome of the differential ECM

microstructure from the anterior to the posterior cornea. It is known that the anterior cornea

has a higher number of interweaving collagen fibers, providing greater density and higher

mechanical stiffness.29,30 This microstructural organization likely underlies the higher

tensile and shear stiffness of the anterior cornea.31,32 The smaller tangential strains in the

anterior third of the canine cornea in our study were consistent with these findings because

the stiffer portion of the cornea would be expected to produce smaller strains for a given

IOP increase. The anterior–posterior gradient in tangential strains also supports the notion

that a significant amount of shear likely occurs during IOP elevations as the cornea lamellae

glide past one another.

We found a significant reduction in tangential strains (P=.003) and radial strains (P=.0025)

after CXL treatment. The overall corneal strains were reduced by 55% in tangential strains

and 42% in radial strains at an IOP of 20 mm Hg (in the N-T cross-section). Using inflation

testing on porcine corneas and a model based on changes in the radius of curvature of the

cornea, Kling et al.33 found a similar reduction in tangential strains (ie, approximately 3.0%

before CXL and 1.6% after CXL, a 47% reduction). The overall reduction in corneal strains

represents a stiffer response of the cornea to IOP inflation (ie, less deformation at

physiologic mechanical loadings), confirming the effect of CXL as a means to increase the

effective stiffness of the cornea.

After CXL treatment, the tangential strains were also significantly different from the anterior

to the posterior third of the cornea. The smallest tangential strain was in the anterior third,

followed by the middle third and then the posterior third, showing that the anterior–posterior

gradient in the mechanical responses in the pre-treated corneas remained unchanged after

crosslinking. This gradient could have been enhanced by the reported attenuation of

riboflavin diffusion and UVA penetration over the corneal thickness during CXL treatment;

however, the difference in strain reduction between different corneal thirds did not achieve

statistical significance in the present study. We did observe that on average, the anterior

third of the cornea in the CXL group had the largest reduction in tangential strains; however,

the variance across tissue samples was large. It is possible that more superficial CXL (eg,

accelerated CXL34) may reinforce or accentuate the in-depth gradient of the corneal

biomechanical response. The radial strains did not show a significant anterior–posterior

gradient in the pretreated corneas or after CXL, and consistently large reductions in radial

strains were found in all layers after CXL. This contrast may suggest that the microstructural

factors responsible for the radial deformation (ie, compression of the lamellae against each

other) are likely different from those for the tangential deformation (ie, stretch along the

direction parallel to the corneal curvature).
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Although the crosslinking between collagen molecules may explain the reduction in

tangential strains, the exact mechanisms behind the radial strain reduction seen in this study

are less obvious. It is known that the cornea has a large amount of osmotically active

proteoglycan units within its structure. Proteoglycans are thought to be involved in

regulating the spacing and organization of the collagen fibrils and thus play an important

role in the cornea’s optical transparency. Mechanically, proteoglycans are known to be

important for resisting compression in tissues, such as articular cartilage.35 The radial strains

in the cornea are compressive in nature (ie, compression through corneal thickness) and thus

could be affected by the states of the proteoglycans and their influence on fluid flow in the

cornea during compression. Zhang et al.11 showed in a model reaction system as well as in

intact ex vivo corneas that irradiation with UVA in the presence of riboflavin caused not

only crosslinking of collagen molecules among themselves and proteoglycan core proteins

among themselves but also linkages between collagen and proteoglycan core proteins. Using

x-ray scattering, Hayes et al.36 further showed that the crosslinks formed during CXL occur

predominantly at the collagen fibril surface and not within the collagen fibrils. A recent

study found an increase of more than 100% in interlamellar cohesive strength after CXL in

porcine corneas, suggesting increased interlamellar crosslinking likely due to the linkage

between proteoglycans.37 The crosslinks of proteoglycans among themselves and with

collagen molecules may play a role in the decreased radial strains (which were largely

compressive) seen in this study in corneas after CXL treatment.

A previous study38 found the mean healthy in vivo canine cornea thickness to be 598.5 ±

32.38 μm using US pachymetry. Using B-mode US images, our study found a mean canine

corneal thickness of 603 ± 44 μm before any treatment, supporting the absence of significant

swelling before the start of experimentation. However, a mean increase in corneal thickness

of 46.8 ± 29.4 μm and 52.8 ± 31.9 μm was found after treatment in the CXL group and

control group, respectively. This mild swelling in the experimental corneas was in contrast

to corneal thinning during clinical CXL procedures, although the experimental riboflavin

solutions did contain 20.0% dextran. We believe this unexpected swelling likely occurred

during the multiple inflations up to a pressure of 45 mm Hg in the ex vivo eyes, in which the

corneal endothelium could have been somewhat compromised. The immersion of the

corneas in Optisol corneal storage medium (containing only 1.5% dextran) during strain

measurements, in particular after epithelium removal, may have also contributed to the

swelling seen in this study.

The mild swelling represents a limitation of this study, although its effects did not likely

alter the outcome. A previous experiment on ex vivo rabbit corneas26 found a small

reduction in tangential strains in the anterior cornea and a relatively large increase in

tangential strains in the posterior cornea when the cornea was swollen. If swelling had the

same effect in the canine corneas, the reduction in corneal tangential strains in the anterior

cornea after CXL treatment in the present study may partially be due to the mild swelling.

The reduction in the posterior tangential strains after CXL, however, was unlikely due to the

effects of swelling because the posterior tangential strains would be expected to increase

with swelling. It is unclear to what degree swelling may have influenced the radial strains in

this study. However, it is important to note that the control group, in which the changes in
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corneal thickness were similar to those in the CXL group, had minimal tangential and radial

strain reductions throughout the corneal thickness.

The present study used canine eyes as a model system. Both human corneas and canine

corneas are slightly ellipsoidal (larger in the horizontal direction). The canine cornea is

larger overall relative to the human cornea. The horizontal diameter in the canine cornea

ranges from 13 to 17 mm depending on the breed,39 while the average human cornea

horizontal diameter is 11.7 mm.40 The canine corneas used in this study had a slightly

thicker cornea than the average human cornea (603 ± 44 μm versus 536 ± 31 μm41). The

radius of curvature in the canine cornea has been reported to be approximately 8.5 mm,42

which is slightly larger than that of human corneas (ie, 7.8 mm).43 The canine cornea also

lacks a Bowman’s layer,44 which has been shown to contribute little to the tensile properties

of the human cornea when measured on dissected strips.45 Furthermore, the human corneal

tensile modulus in strip extensiometry testing has been shown to be higher than that of

canine corneas, with an average 1% strain secant modulus in human corneas of 2.44 MPa

compared with 1.54 MPa in canine corneas.46 This may result in a larger tangential strain in

the canine cornea than in the human cornea for a similar IOP increase.

Other limitations of this study include the following: First, the experiments were performed

on the dissected corneoscleral shell, which may be mechanically different from the whole

globe. Although the corneoscleral shell was clamped on the posterior third of the sclera to

minimize the influence of the clamping on corneal biomechanical responses, future

experiments should implement the whole globe setup to avoid deviation from the in vivo

boundary conditions. Second, we observed a wide range of strain reductions in the CXL-

treated eyes, which was likely due to the different efficacy of the CXL procedure in different

eyes even though the same protocol was followed. Future studies should quantify the extent

of CXL in each individual eye and identify the corneal strain parameters that best correlate

with the extent of CXL. Third, only 3 cross-sectional planes were measured for strain

calculations. The very small incremental pressure levels, in particular within the lower

pressure range, ensured that the US speckle patterns were highly correlated in the

consecutively acquired US data and thus limited the errors due to out-of-plane motion in the

strain calculations. In addition, our laboratory is developing 3-D speckle tracking protocols

based on high-frequency US to achieve more complete analysis of the regional variations in

strains in the entire volume of the cornea.

In conclusion, we found that CXL significantly reduced the tangential strains and radial

strains in the cornea. With further modification and optimization, the US strain tracking

technique can become a clinical tool for evaluating the spatially resolved corneal

biomechanical responses in vivo. Clinical implementation of US speckle tracking techniques

has been successful in several areas, including breast cancer detection47 and liver imaging.48

Our current high-frequency US system (55 MHz) could achieve a field of view of

approximately 8.0 mm in width and 1.0 to 2.0 mm in depth. A possible strategy to acquire

strains in vivo is to use those intrinsically present due to the ocular pulse (ie, the cyclic

variations in IOP). Other strategies include controlled pressure increases; for example,

through the use of a suction cup on the sclera. A coupling fluid or gel will be necessary to

transmit the acoustic signals between the transducer and the cornea. In patients, unwanted
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ocular movements could present a challenge to accurate strain calculations. Future studies

will aim for the clinical translation of this methodology along with its 3-D implementation

to characterize in vivo corneal biomechanics.
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WHAT WAS KNOWN

• The efficacy of CXL in preventing keratoconus progression has been studied in

multiple clinical trials; however, an in vivo method for quantifying the

biomechanical changes of the cornea is lacking.

WHAT THIS PAPER ADDS

• This study established the feasibility of using a high-frequency US technique to

map the heterogeneous corneal biomechanical responses during IOP elevations

as a way to quantify corneal biomechanical changes before and after CXL.
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Figure 1.
Inflation testing protocol (IOP = intraocular pressure).
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Figure 2.
Location of the 3 cross-sections in which US radiofrequency data were collected (A =

direction approximately 45 degrees diagonally between nasal–temporal and superior–

inferior; I = inferior; N = nasal; S = superior; T = temporal).
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Figure 3.
Corneal tangential strains and radial strains calculated in the study.

Palko et al. Page 16

J Cataract Refract Surg. Author manuscript; available in PMC 2015 June 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 4.
Canine eye, clamped at the equatorial sclera to the pressure chamber, during CXL.
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Figure 5.
Ultrasound image reconstructed from the radiofrequency signal of a canine cornea after

removal of epithelium shows sufficient speckle patterns throughout the entire cross-section.
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Figure 6.
Strain maps in 1 cornea at an IOP of 15 mm Hg. a: Tangential strains before CXL. b:

Tangential strains after CXL. c: Radial strains before CXL. d: Radial strains after CXL. The

white dashed lines illustrate the cutoffs for the anterior, middle, and posterior thirds of the

corneal thickness.
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Figure 7.
Mean whole-thickness tangential and radial strains in all pretreated eyes in different

scanning cross-sections. The error bar represents standard deviation (AA = direction

approximately 45 degrees diagonally between nasal–temporal and superior–inferior; IOP =

intraocular pressure; NT = nasal–temporal; SI = superior–inferior).

Palko et al. Page 20

J Cataract Refract Surg. Author manuscript; available in PMC 2015 June 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 8.
The tangential and radial strains in each corneal third measured in the N–T cross-section in

all pretreated eyes (IOP = intraocular pressure; NT =nasal–temporal).
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Figure 9.
The mean tangential and radial strains in the anterior, middle, and posterior cornea before

and after treatment in the CXL group and control group. Strains at 20 mm Hg and all

scanning directions were used (CXL = corneal crosslinking; R = radial; T = tangential).
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Figure 10.
Tangential and radial strains in the different corneal thirds before and after treatment in the

CXL group and control group. The largest reduction in tangential strains was in the anterior

cornea in the CXL group. The black squares denote the anterior third of the cornea; the

asterisks, the middle third; and the black circles, the posterior third. Solid lines represent

tangential strains, and dotted lines represent radial strains. The black curves represent

pretreatment strains and the red curves, posttreatment strains (CXL = corneal crosslinking;

IOP = intraocular pressure; NT = nasal–temporal).
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Table 1

Corneal thicknesses before and after treatment in the CXL group and control group measured from 3 scanning

cross-sections.

Cross-Section

Mean Corneal Thickness (μm) at IOP of 15 mm Hg ± SD

CXL Group Control Group

Before After Before After

N–T 604 ± 44 656 ± 64 599 ± 49 649 ± 42

S–I 608 ± 38 652 ± 66 598 ± 45 648 ± 44

A–A 608 ± 46 652 ± 71 605 ± 47 658 ± 44

A–A = direction approximately 45 degrees diagonally between N–T and S–I; CXL = collagen crosslinking; N–T = nasal–temporal; S–I = superior–
inferior
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