
Mapping 3D Strains with Ultrasound Speckle Tracking: Method 
Validation and Initial Results in Porcine Scleral Inflation

Benjamin Cruz Perez1, Elias Pavlatos1, Hugh J. Morris1, Hong Chen1, Xueliang Pan2, 
Richard T. Hart1, and Jun Liu1,3

1Department of Biomedical Engineering, The Ohio State University, Jun Liu, 270 Bevis Hall, 1080 
Carmack Rd, Columbus, OH, USA

2Center for Biostatistics, The Ohio State University, Columbus, OH, USA

3Department of Ophthalmology, The Ohio State University, Columbus, OH, USA

Abstract

This study aimed to develop and validate a high frequency ultrasound method for measuring 

distributive, 3D strains in the sclera during elevations of intraocular pressure. A 3D cross-

correlation based speckle-tracking algorithm was implemented to compute the 3D displacement 

vector and strain tensor at each tracking point. Simulated ultrasound radiofrequency data from a 

sclera-like structure at unde-formed and deformed states with known strains were used to evaluate 

the accuracy and signal-to-noise ratio (SNR) of strain estimation. An experimental high frequency 

ultrasound (55 MHz) system was built to acquire 3D scans of porcine eyes inflated from 15 to 17 

and then 19 mmHg. Simulations confirmed good strain estimation accuracy and SNR (e.g., the 

axial strains had less than 4.5% error with SNRs greater than 16.5 for strains from 0.005 to 0.05). 

Experimental data in porcine eyes showed increasing tensile, compressive, and shear strains in the 

posterior sclera during inflation, with a volume ratio close to one suggesting near-

incompressibility. This study established the feasibility of using high frequency ultrasound speckle 

tracking for measuring 3D tissue strains and its potential to characterize physiological 

deformations in the posterior eye.
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INTRODUCTION

Elevated intraocular pressure (IOP) is a primary risk factor for glaucoma, the second leading 

cause of blindness worldwide.
25

 Although the relationship between glaucoma progression 

and IOP elevation is not completely understood, mechanical insults are expected to play an 

important role.
1
 A clinical hallmark of glaucoma is the excavation of the lamina cribrosa, a 
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connective tissue within the optic nerve head (ONH) that spans the scleral canal and 

supports the retinal ganglion cell axons when they turn and exit the eye on their way to the 

visual cortex. Previous computational studies predicted that scleral modulus could 

significantly impact the mechanical insults experienced by the lamina cribrosa during IOP 

elevations.
20,27

 These predictions have motivated many recent studies that aim to 

characterize the complex mechanical behavior of the posterior sclera in order to better 

understand its roles in glaucoma etiology.

Mechanical characterization of sclera using uniaxial mechanical testing has shown that the 

sclera is nonlinear and viscoelastic.
5,7,21,26

 Biaxial mechanical testing (loading in two 

orthogonal in-plane directions) has shown a significantly different response between the 

circumferential and meridional directions in the porcine posterior sclera,
4
 but the contrast 

was less obvious in the human sclera.
6
 Uniaxial and biaxial mechanical testing provide 

measurements of mechanical constants but have several known drawbacks including the 

disruption of tissue integrity during specimen excision and the introduction of artificial pre-

stresses on sample surfaces that are naturally curved.

Inflation testing avoids disruption of the tissue microstructure and better mimics 

physiological loading. Several studies have utilized inflation mechanical testing to 

characterize the deformation of the posterior sclera. These studies have measured the 

surface
3,8,9 or 2D cross-sectional

19,30
 deformation of the sclera while the ocular shell was 

pressurized to controlled IOP levels. These studies showed a non-linear deformation 

response to IOP as well as regional/quadrant differences in the deformation profiles of the 

peripapillary sclera.
8
 The cross-sectional measurements revealed and quantified the larger 

through-thickness compression of the posterior sclera in addition to the tangential stretch 

during inflation.
19,30

Volumetric acquisition and analysis of 3D scleral deformation in response to IOP have not 

been previously reported. The aim of this study was to develop and validate a 3D ultrasound 

speckle tracking technique for measuring the 3D deformation of the posterior sclera during 

IOP elevation. Our laboratory has developed a 2D technique
30

 to measure strains within a 

cross-section of interest in the sclera
19,30

 and cornea.
22

 The 2D configuration is simple and 

fast, but tissue deformation is 3D in nature. A 3D method obtains the full 3D 

characterization of tissue mechanical behavior, including principal strains and directions, 

maximum shear, and volumetric changes. With the 3D reconstruction, strain maps of any 

cross-sections of the tissue are available, not restricted to surface or scanned cross-sections. 

Methods for 3D strain measurements have been developed in the past using microCT
16

 or 

optical imaging
14

 to better define the in situ tissue mechanical demands. Three dimensional 

ultrasound speckle tracking has also been investigated in recent years, for measuring soft 

tissue such as the cornea,
10

 arteries,
15

 and cardiac muscles.
18

 Compared to most existing 

ultrasound elastography techniques, our method uses very high frequency (i.e., center 

frequency at 55 MHz) and very high spatial sampling rate, which predict a higher accuracy 

in strain estimation than previous methods. We also implemented a 3D least squares method 

to reduce noise in strain estimation. The present study evaluated the accuracy and signal-to-

noise ratio of the 3D technique in displacement and strain estimation using simulated 
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ultrasound radiofre-quency (RF) data with known displacements or strains. The technique 

was then applied to the porcine sclera to measure its 3D inflation response.

MATERIALS AND METHODS

3D Ultrasound Speckle Tracking Algorithm

A 3D speckle tracking algorithm was developed based on normalized cross-correlations. 

Briefly, a mesh grid is defined in the volume of interest and a small rectangular volume 

centered at each grid point is defined as a kernel (Fig. 1). To find the displacement of a given 

grid point, the signal values within the corresponding kernel in the reference state are 

compared with those from a series of kernels within a search block in the deformed state 

using cross-correlations (Fig. 1). The search block is a sub-volume of the deformed state 

centered at the location of the original grid point. The correlation coefficient between the 

original kernel centered at the grid point (i0, j0, k0) in the original signal A and the kernel 

centered at (i0 + l, j0 + m, k0 + n) in the deformed signal B is calculated as follows:

(1)

where a and b are the signal values in signal A and B, the ā and b̄ are the average values of 

the corresponding kernels, and the size of the kernel is (I + 1) × (J + 1) × (K + 1) voxels. The 

correlation coefficients are calculated for all kernels in the search block by varying l, m,, and 

n one voxel a time (Fig. 1). A higher correlation coefficient means a higher resemblance of 

the signal values (i.e., speckle patterns) between the original kernel and the kernel in 

comparison. The kernel center with the maximum correlation coefficient is identified as the 

peak location. The correlation coefficients are interpolated using a 3D spline function and 

the new peak after interpolation is used for calculating the displacement at sub-voxel 

resolution. For multiple consecutive deformation states (e.g., incremental inflation 

pressures), the displacement vectors are added from the previous step to track the same 

material point over the multiple deformation steps.

3D LEAST SQUARES STRAIN ESTIMATION

The strain was calculated using a 3D least squares strain estimator (LSQSE). Previous 

studies have shown that piecewise linear curve fitting (i.e., local regression in the sense of 

least squares) using displacement data from multiple neighboring points significantly 

reduces noise and preserves the true strain contrast better than the moving-average 

smoothing of strains.
13

 In 3D LSQSE, the displacement data from a 3D matrix of neighbor 

grid points was used simultaneously to obtain the displacement gradients for the center grid 
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point. Typically, displacement data of 7 × 7 × 7 grid points was used (3 on each side of the 

center point). The number of neighboring points used was adaptively reduced (e.g., 5 × 5 × 5 

or 3 × 3 × 3) for the grid points close to tissue boundaries because fewer neighbors were 

available in these regions.

The 3D LSQSE fits the displacement gradients to the displacement data at the grid points as 

follows:

(2)

where u, v, and w are the displacements computed from cross-correlation based speckle 

tracking; x, y, and z are the coordinates of the grid points; and Ci’s are the local fitting 

constants. Equation (2) is an extension of the 2D LSQSE proposed by Lopata et al., who 

have shown that a higher order LSQSE yields more accurate strain estimates and is less 

susceptible to noise in the displacement data than a lower order LSQSE.

After obtaining the displacement gradients, the infinitesimal strain tensor was calculated for 

each kernel as follows, assuming small strains (negligible quadratic terms):

(3)

The principal strains and principal vectors were found by computing the eigenvalues and 

eigenvectors of the strain tensor.

Because all components of the 3D strain tensor are made available, the maximum shear and 

volume ratio can be found at each grid point. The maximum shear is calculated as follows:

(4)

where γmax is the maximum shear strain, and εmax and εmin are the maximum and minimum 

principal strains. The volume ratio is calculated as:
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(5)

where V0 is the initial volume, Vf is the deformed volume, and ε1, ε2, and ε3 are the 

principal strains. An incompressible material has a volume ratio of 1.

Analysis of Displacement and Strain Estimation Accuracy Using Simulated 
Radiofrequency Data

The accuracy of the 3D ultrasound speckle tracking algorithm in displacement and strain 

estimation was evaluated using simulated ultrasound RF data where synthetic displacements 

or strains were introduced in the “deformed” signals. The original RF data for a sclera-like 

volume were generated using the Field II Ultrasound Simulation Program
11,12

, with a 

customized MATLAB sub-routine implemented to run in parallel at the supercomputing 

center of our institute (Ohio Supercomputing Center, Columbus, OH). The simulation 

program convolved the point spread function (PSF) of an ultrasound transducer (with the 

same characteristics as the one used in the experiments of this study) with a 3D cloud of 

randomly distributed scatterers that simulate the sclera. Random noise (−38-dB) was added 

to the RF data to simulate electronic noise in the ultrasound system (this level of noise was 

typically observed in our experiments). The transducer was scanned at 20 µm intervals in the 

lateral and elevational directions and the RF data were sampled at 500 MHz (equivalent to 

1.5 µm interval in the axial direction). The axial direction is the direction of ultrasound 

propagation [y in Eqs. (2) and (3)] and has a much higher sampling density than the other 

directions. The lateral direction is perpendicular to the axial direction within the B-mode 

image plane [(x in Eqs. (2) and (3)]. The elevational direction is the direction perpendicular 

to the B-mode image plane [z in Eqs. (2) and (3)]. Due to the exponentially increased 

computational cost in 3D simulations, a small volume (3 × 2.25 × 3 mm3, lateral × axial × 

elevational) was simulated. The simulated volumes had 151 × 1499 × 151 voxels in the 

lateral, axial, and elevational directions (the voxel number in the axial direction was higher 

because of the higher sampling density).

To simulate rigid-body translation, a single volume was translated by a uniform amount of 0, 

0.5, 1.0, and 2.0 voxels in each coordinate direction. The 0.5-voxel-translation image was 

generated from interpolation. The calculated displacements were compared with the 

intended displacements. To simulate uniform strains, each scatterer in the Field II simulation 

was displaced by a certain amount to introduce the same strain in each coordinate direction 

(no shear strains), and the “deformed” scatterer cloud was convolved again with the 

transducer point spread function to generate the “deformed” ultrasound RF signals using the 

Field II simulation program.

Different kernel sizes (i.e., 7 × 51 × 7 voxels, 11 × 51 × 11 voxels, 21 × 51 × 21 voxels, 31 × 

51 × 31 voxels, and 41 × 51 × 41 voxels, lateral × axial × elevational) were compared to 

evaluate the influence of kernel size on strain estimation. The size in the axial direction was 

chosen to be 51 voxels to be at least twice of the axial resolution.
2
 The size in the lateral and 

elevational directions was varied to identify an optimal combination of accuracy and SNR 
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for tracking strains at 0.005. The size of the search block was proportionally adjusted with 

the kernel size (for the small strains expected in the simulated and experimental data from 

the sclera, the search block was set as twice of the kernel size in each direction). Partially 

overlapping kernels increase the spatial density of the grid points and thus improve the 

spatial resolution of the strain image, although with increased computational costs. For 

example, the grid density in a given direction is doubled with a 50% overlap in that direction 

(Fig. 2). Previous studies have shown that a 50% kernel overlap achieves the best trade-off 

between signal-to-noise ratio and spatial resolution of the strain image.
29

 Therefore, a kernel 

overlap of 50% was used in the present study. With this overlap, the simulated volume (3 × 

2.25 × 3 mm3) yielded 15 × 60 × 15 grid points.

After optimizing the kernel size, the simulated RF data from the original and deformed 

states at different strain levels (0.001–0.05) were input to the 3D cross-correlation speckle-

tracking algorithm to compute the displacements and strains. The calculated axial, lateral, 

and elevational strains  were compared with the simulated strains to 

evaluate the accuracy and signal-to-noise ratio. Two variables were computed from each set 

of strain data: the average strains (axial, lateral, and elevation) within the simulated 3D 

volume and the standard deviation. Accuracy is defined as the percent error comparing the 

calculated to the true strain. The SNR is defined as the standard deviation divided by the 

average strain. The magnitudes of the shear strains 

 were also compared with the known 

values, which were all zero for the simulated shear free condition.

Experimental Testing in Porcine Eyes

Five porcine eyes were obtained (SiouxPreme Packing Co., IA) and tested within 72 h post-
mortem to avoid tissue degradation. To prepare the ocular shell for inflation testing, the 

cornea was removed using a 9 mm trephine and the intraocular structures were gently 

removed. The ocular shell was then mounted on a customized pressurization chamber.
19

The IOP was initially set to 5 mmHg by infusing 0.9% saline. Five cycles of pressure 

increase from 5 to 35 mmHg were utilized to precondition the tissue and stabilize the 

mechanical responses.
33

 After preconditioning, the IOP was set to a reference pressure of 15 

mmHg and the tissue was allowed to equilibrate for 30 min. The IOP was then raised to 17 

and 19 mmHg with 7 min of equilibration between the pressure steps (Fig. 3).

At each pressure (including the reference pressure), a total volume of 5.5 × 3 × 2 mm3 

(lateral × axial × elevational) in the superotemporal region (Fig. 4a) was scanned 

ultrasonically, yielding 384 × 2000 × 144 voxels and 48 × 154 × 18 grid points. At a given 

transducer location, an A-line is acquired consisting of the echoes from the entire tissue 

depth at the transducer location (Fig. 4b). The transducer (55 MHz, Vevo 660, VisualSonics 

Inc., Toronto, CA) was moved in the lateral direction to form a 2D frame. At the completion 

of each lateral scanning, the transducer was moved along the elevational direction by using 

an automated actuator (TRA25CC, Newport, Irvine, CA) at 14 µm steps. Using the built-in 

B-mode of the ultrasound imaging system, the A-lines (i.e., 1D) were temporarily stored in 
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batches of 2D frames. These 2D frames were later decomposed back to individual 1D A-

lines for the volume reconstruction. The data acquisition and probe displacement were 

controlled by a customized LabView interface (National Instruments, Austin, TX). All 

radiofrequency ultrasonic data was acquired real-time using a high-speed digitizer (500 

MHz, DP105; Acqiris, Monroe, NY) controlled by the same LabView interface.

The strain tensor was computed at each 3D grid point over the tissue volume, and the 

principal strains and maximum shear during mild IOP elevations (from 15 to 17 to 19 

mmHg) were calculated. The volume ratios were also calculated.

RESULTS

The accuracy of displacements in uniform translations is summarized in Table 1. The 

absolute error was less than 0.01 voxel in all coordinate directions for all simulated 

translations. The error in the axial direction was typically lower than those in the lateral and 

elevation directions, while the performance in lateral and elevational was similar. The 

displacement vector field plot shows homogeneous displacements throughout the volume 

(Fig. 5).

The influence of the kernel size on accuracy and SNR was evaluated by comparing the 

performance at 0.005 simulated strain (Fig. 6). As the lateral/elevational size increased, the 

lateral/elevational strain accuracy decreased but the SNR increased. The performance for 

axial strains remained essentially the same at different lateral/elevational sizes (axial size 

was kept the same). The kernel sizes of 21 × 51 × 21 and 31 × 51 × 31 voxels achieved the 

best combination of accuracy and SNR in all directions. For the small volume used in 

simulations, a kernel size of 21 × 51 × 21 voxels was used. For the larger volume in the 

experimental scans, a kernel size of 31 × 51 × 31 voxels was used.

The accuracy and signal-to-noise ratio (SNR) of the 3D strain estimation were examined 

using the simulated data at 0.001–0.05 strains. The accuracy and signal-to-noise ratios 

corresponding to different simulated tensile strains are summarized in Table 2 (the results for 

compressive strains were similar and not shown). The computed shear strains were minimal 

(<0.00006), consistent with the simulated shear free condition.

To visualize the comparison and correlation to true strains, the calculated normal strains at 

different simulated strains are plotted (Fig. 7). The calculated strains all fell close to the 

unity line (true values), demonstrating good accuracy. The axial strains had small percent 

errors at all strain levels. Using tensile strains as an example, the percent error was 3–4% for 

strains at 0.005–0.05; and about 10% for strains at 0.001. The lateral and elevational strains 

had similarly low percent errors for strains 0.01–0.05 (<6%). At low strains (0.001 or 0.005), 

the percent error for lateral and elevational strains increased to 20–30%. The SNR was 

generally higher for axial strains (> 16) than lateral and elevational strains, but at a strain of 

0.05, all three directions had very high SNR. Accuracy and SNR results for the compressive 

strains were similar to those reported above. The percent error for volume ratio was very low 

(<0.5%) and the SNR was very high (>200) at all strain levels.
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Inflation testing in porcine scleral shells showed increasing magnitudes of strains during 

mild IOP elevation from 15 to 19 mmHg. The magnitudes of the three principal strains and 

the max shear increased during inflation from 17 to 19 mmHg (Table 3). Principal strain ε1 

was the largest positive (i.e., tensile) normal strain and principal strain ε3 was the largest 

negative (i.e., compressive) normal strain. Principal strain ε2 had a minimal magnitude at 

both pressure levels (<0.0001 on average). By definition, the max shear was about the 

average magnitudes of ε1 and ε3. The average volume ratio decreased slightly from 17 to 19 

mmHg (Table 3). Although the absolute change in volume ratio was small, it decreased in 

every tested eye, showing a statistically significant difference between the two pressure steps 

(p = 0.002, paired t test).

The principal strains and the corresponding principal vectors for a representative specimen 

at 19 mmHg were plotted (Fig. 8). Some heterogeneity in both the strain magnitudes and 

vector orientations was observed in the scanned volume.

DISCUSSION

We have developed a new experimental method based on high frequency ultrasound speckle 

tracking to obtain a 3D characterization of the strains in the posterior sclera during 

physiological elevations of intraocular pressure. The accuracy and the signal-to-noise ratio 

of this approach were analyzed with simulated radiofrequency data from a sclera-like 

structure deformed with known strains. Good agreement was found between simulated and 

calculated strains. Using this novel approach, we evaluated the mechanical responses of the 

porcine sclera to changes in IOP.

Previous studies have shown that the accuracy and signal-to-noise ratio of strain estimation 

are influenced by factors related to the image acquisition system (e.g., the transducer 

frequency and the sampling rate) and the speckle tracking algorithm parameters (e.g., kernel 

size).
28,31

 Higher transducer frequency and higher sampling rate both improve speckle 

tracking performance, but in practice, the choices are limited by other factors. For example, 

the transducer frequency is limited by having sufficient ultrasound penetration into the tissue 

(i.e., high frequency sound waves attenuate fast). The frequency used in the present study, 55 

MHz, is near the upper limit for penetrating a 1 mm thick sclera. The sampling rate in the 

lateral direction is determined by the transducer design and consideration of temporal 

resolution (i.e., frame rate). In our current system, the lateral sampling rate is 14 or 20 µm 

per voxel. The sampling rate in the elevational direction is controlled by the linear actuator, 

and theoretically could be any value within the resolution of the actuator. In practice, we 

match the sampling rate in the elevational direction to the lateral, to achieve symmetry in 

those two directions. The sampling density in the axial direction is mainly determined by the 

sampling rate of the analogue-to-digital conversion of the radiofrequency data. Our current 

RF sampling rate (500 MHz) is about 5 times the highest frequency in the ultrasound 

signals, which sufficiently preserves the signal information based on Nyquist theorem (i.e., 

at least twice the highest signal frequency). This corresponds to a 1.5 µm per voxel spatial 

sampling rate in the axial direction.
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The accuracy of the 3D ultrasound speckle tracking algorithm for displacement 

measurements was evaluated using translations by whole or sub-voxels (Table 1). With noise 

added, the algorithm performed remarkably well for whole voxel translations with an error 

lower than 0.4%. The error for the 0.5-voxel displacement was higher (axial: 0.035%, 

lateral: 1.087%, and elevational: 1.172%), likely because it involved two interpolation 

processes: the generation of the simulated volume translated by a sub-voxel distance and the 

speckle tracking. Therefore, the true error associated with speckle tracking could be lower in 

this case than the values in Table 1.

In order to evaluate the efficacy of the ultrasound speckle tracking algorithm along with the 

3D least squares for strain estimation, the calculated strains (three normal and three shear) 

were compared with Field II simulated strains for a volume of ultrasonic radiofrequency 

data with both deformed and unde-formed states. Based on the simulation experiments, the 

calculated normal strains matched well with the simulated strains in all three orthogonal 

directions (axial, lateral, and elevational, Fig. 7) with essentially no shear strains, consistent 

with the simulated shear free condition. The percent error at small strains (0.001 and 0.005) 

was larger, especially for lateral and elevational directions. We performed additional 

simulations at true compressive strains of 0.005 and 0.006, 0.01 and 0.011, 0.02 and 0.021, 

as well as 0.05 and 0.051 (each pair differed by 0.001 absolute strain). The algorithm 

consistently estimated these strains so that the difference between the pairs persisted in the 

calculated strains. Using elevational strains as an example (axial and lateral directions 

performed the same or better), the calculated strains for the pairs were: 0.0039 and 0.0050, 

0.0099 and 0.0116, 0.0193 and 0.0202, 0.0499 and 0.0509. This suggested that the approach 

could reliably resolve a small difference in tissue response.

The simulations also showed a general trend that the axial direction had better accuracy and 

SNR than the other two directions, while the lateral and elevational directions had similar 

outcomes. This contrast is a well-known phenomenon in ultrasound elastography, largely 

due to the higher spatial resolution and denser sampling rate in the axial direction. For the 

ultrasound system used in the present study, the spatial resolution was 30 µm in the axial 

direction and 62.5 µm in the lateral and elevational directions. The high sampling rate of the 

radiofrequency data (500 MHz) further improved the axial voxel size to 1.5 µm, while the 

lateral and elevational voxel size was 20 µm in the simulations and 14 µm in the porcine eye 

experiments. Surface strain measurement methods, such as digital image correlation (DIC)
3 

or electronic speckle pattern interferometry (ESPI),
8
 have a much higher lateral resolution 

(i.e., a few microns) and likely have a higher accuracy in measuring lateral strains. Speckle 

tracking using ultrasound radiofrequency data preserves the phase information along the 

axial direction, and together with the dense sampling, results in a very high displacement 

sensitivity and high accuracy and SNR for strain estimation in the axial direction. We found 

a maximum percent error of 10% and a minimum SNR of 16 for the simulated axial strains 

from 0.001 to 0.05. At low strains, the error primarily arises from the electronic noise added 

to the simulated RF data to mimic the noise in actual systems. The performance in the lateral 

and elevational directions was similar, which is consistent with the same spatial resolution 

and sampling rate in these two directions. It is also noted that the performance of the 3D 

ultrasound speckle tracking reported in this study was similar to the 2D case reported 

earlier.
30
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Using porcine globes, we applied the 3D data acquisition system and 3D strain estimation 

algorithm to evaluate the deformation of the posterior sclera in response to mild IOP 

elevations. The general pattern of the principal strains was characterized by a compressive 

strain with the largest magnitude among the three principals, a tensile strain slightly smaller 

in magnitude than the compressive strain, and another strain with minimal magnitude. Based 

on analyses of a simple linear, elastic, thin shell model with typical dimensions of sclera 

(inner radius of curvature = 12 mm, thickness = 0.8 mm), a 2-mmHg pressure increase 

would generate the level of principal tensile strains measured in the present study for a 

modulus of 0.2 MPa. This modulus is of the same order of magnitude as what we previously 

measured in porcine posterior sclera using biaxial testing.
4

The principal directions showed an interesting correspondence to the tissue’s anatomic 

structure (Fig. 8). The third principal was compressive and largely oriented in the through-

thickness direction, which is consistent with the expected through-thickness compression in 

an inflated thin shell. The first principal was tensile and predominantly oriented in the in-

plane, meridional direction. The second principal strain (minimal in magnitude) was also 

largely in-plane, and along the circumferential direction. The anisotropy of the in-plane 

strains was likely related to the microstructural anisotropy of the peripapillary sclera, which 

has a collagen annulus ring circumferential to the scleral canal.
24

 Future studies are needed 

to better understand this structure-function relationship.

Derived from the 3D principal strains, the maximum shear in the posterior sclera during 

mild IOP elevations appeared to reach 0.01–0.02. Previous surface strain measurements 

showed minimal shear in the posterior sclera,
3
 possibly a characteristic of the scleral surface 

but not representative of the internal stroma. Our previous biaxial testing in the more 

peripheral region of the sclera also did not detect significant shear during equal biaxial 

loading in the porcine posterior sclera;
4
 however the biaxial loading does not replicate the 

structural bending of the peripapillary region during inflation caused by structure and 

material property differences between the sclera and the ONH. By definition, the maximum 

shear lies in the plane of the maximum and minimum principals and is oriented in the 

direction of the principal vectors rotated by 45°. Based on the experimental results, the 

maximum shear in the peripapillary sclera appeared to be largely in the through-thickness, 

meridional planes (Fig. 8). Recent reports have shown significantly higher tilt and torsion of 

the ONH in glaucoma patients, especially those with normal tension glaucoma,
23

 suggesting 

possible involvement of abnormal peripapillary scleral shear in the pathophysiology of 

glaucoma. It is noted that the cerebrospinal fluid pressure also acts on this region from the 

external side of the sclera,
32

 likely affecting the stress and strain states of this region in vivo, 

although this was not captured in the current experimental setup.

The 3D technique also offered an opportunity to evaluate the volumetric changes during 

scleral deformation. As defined in Eq. (5), a volume ratio of 1 represents no volume change. 

Our simulation results showed excellent accuracy and SNR for volume ratio calculations in 

simulated compression or tension at different strains and different true volume reduction or 

expansion (Table 2). The experimental results showed that the volume ratios in all tested 

samples were slightly less than 1, suggesting a small amount of volume loss during inflation. 

Sclera is a proteoglycan-rich tissue, and postmortem tissue is likely somewhat swollen after 
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immersion in an aqueous solution during testing. It is interesting to note that the volume 

ratio further reduced at the second pressure increase, possibly due to fluid being pushed out 

during the compression of sclera. Nonetheless, the overall volume change was small (the 

lowest average volume ratio in the tested samples was 0.97), supporting the assumption of 

near-incompressibility.

This study has several limitations. First, the simulation validations were performed on a 

small volume of uniform strains. Generation of the 3D ultrasonic radiofrequency data is 

computationally costly, and larger volume simulations are practically challenging. However, 

our current results are informative in terms of understanding the performance of the 3D 

algorithm. Due to the same issue with computational costs, heterogeneous strains were not 

simulated. Given the similar performance for measuring uniform strains, we expect that the 

performance of the 3D algorithm in detecting local heterogeneities would be similar to that 

of the 2D algorithm, which has been reported in detail in our previous publication.
30

 Second, 

only a small pressure range (from 15 to 19 mmHg) was used in the experiments. The 15 

mmHg reference pressure is what is often considered a normal in vivo IOP. The successive 

increases to 17 and 19 mmHg represent mild IOP elevations demonstrating the trend in the 

biomechanical responses within the physiological range and the proof of concept of the 3D 

approach in characterizing scleral strains. Because of this small pressure range, infinitesimal 

strain tensors were used to calculate the strains ignoring the quadratic terms. Future studies 

at larger pressure ranges will include analyses using finite strain theories. Third, a small strip 

of the sclera (2 mm wide and 5.5 mm long) was used to sample a volume of the posterior 

sclera in this study. Future studies will include the entire posterior scleral dome and evaluate 

potential regional variance. In addition, only average strains were reported in the present 

study, while we observed some level of strain heterogeneity within each sample. Since the 

scanned volume was limited to the 2 mm wide meridional strip, it is difficult to determine 

the nature of these strain heterogeneities. Future studies will analyze the strain variations in 

larger scanned volumes and compare with histology or other microstructure analyses.

In summary, a 3D ultrasound speckle tracking technique for strain estimation was 

successfully implemented and validated for characterizing the response of sclera to IOP. The 

simulation experiments showed satisfactory accuracy and SNR. Initial experiments in 

porcine eyes showed tensile, compressive, and shear strains and near-incompressibility in the 

posterior sclera during mild pressure increase. This technique provides a non-invasive 

evaluation of the through-thickness, 3D strains in the sclera, and may be applied to the 

characterization of other tissues with a thickness less than 2 mm to allow for full thickness 

penetration of the high frequency ultrasound waves.

ACKNOWLEDGMENTS

This work was funded by NIH grants RO1EY020929 and RO1EY020929-S1. The authors gratefully acknowledge 
Paul A. Weber, MD and Joel R. Palko, MD for helpful discussions. This work was also supported in part by an 
allocation of computing time from the Ohio Supercomputer Center (OSC). The OSC staff is acknowledged for their 
help with implementing the parallel execution of the cross-correlation algorithms.

Perez et al. Page 11

Ann Biomed Eng. Author manuscript; available in PMC 2017 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



REFERENCES

1. Burgoyne CF, Downs JC, Bellezza AJ, Suh JK, Hart RT. The optic nerve head as a biomechanical 
structure: a new paradigm for understanding the role of IOP-related stress and strain in the 
pathophysiology of glaucomatous optic nerve head damage. Prog. Retin. Eye Res. 2005; 24:39–73. 
[PubMed: 15555526] 

2. Cohn NA, Emelianov SY, Lubinski MA, O’Donnell M. An elasticity microscope Part I: methods. 
IEEE Trans. Ultrason. Ferroelectr. Freq. Control. 1997; 44:1304–1319.

3. Coudrillier B, Tian J, Alexander S, Myers KM, Quigley HA, Nguyen TD. Biomechanics of the 
Human Posterior Sclera: age- and glaucoma-related changes measured using inflation testing. 
Invest. Ophthalmol. Vis. Sci. 2012; 53:1714–1728. [PubMed: 22395883] 

4. Cruz Perez B, Tang J, Morris HJ, Palko JR, Pan X, Hart RT, Liu J. Biaxial mechanical testing of 
posterior sclera using high-resolution ultrasound speckle tracking for strain measurements. J. 
Biomech. 2014; 47:1151–1156. [PubMed: 24438767] 

5. Downs JC, Suh JKF, Thomas KA, Bellezza AJ, Hart RT, Burgoyne CF. Viscoelastic material 
properties of the peripapillary sclera in normal and early-glaucoma monkey eyes. Invest. 
Ophthalmol. Vis. Sci. 2005; 46:540–546. [PubMed: 15671280] 

6. Eilaghi A, Flanagan JG, Tertinegg I, Simmons CA, Wayne Brodland G, Ross Ethier C. Biaxial 
mechanical testing of human sclera. J. Biomech. 2010; 43:1696–1701. [PubMed: 20399430] 

7. Elsheikh A, Geraghty B, Alhasso D, Knappett J, Campanelli M, Rama P. Regional variation in the 
biomechanical properties of the human sclera. Exp. Eye Res. 2010; 90:624–633. [PubMed: 
20219460] 

8. Fazio MA, Grytz R, Bruno L, Girard MJA, Gardiner S, Girkin CA, Downs JC. Regional variations 
in mechanical strain in the posterior human sclera. Invest. Ophthalmol. Vis. Sci. 2012; 53:5326. 
[PubMed: 22700704] 

9. Girard MJA, Downs JC, Burgoyne CF, Suh JKF. Experimental surface strain mapping of porcine 
peripapillary sclera due to elevations of intraocular pressure. J. Biomech. Eng. 2008; 130:041017. 
[PubMed: 18601459] 

10. Hollman KW, Shtein RM, Tripathy S, Kim K. Using an ultrasound elasticity microscope to map 
three-dimensional strain in a porcine cornea. Ultrasound Med. Biol. 2013; 39:1451–1459. 
[PubMed: 23683407] 

11. Jensen, JA. Field: a program for simulating ultrasound systems. 10th Nordicbaltic Conference on 
Biomedical Imaging; 1996. p. 351-353.Part 1

12. Jensen JA, Svendsen NB. Calculation of pressure fields from arbitrarily shaped, apodized, and 
excited ultrasound transducers. IEEE Trans. Ultrason. Ferroelectr. Freq. Control. 1992; 39:262–
267. [PubMed: 18263145] 

13. Kallel F, Ophir J. A least-squares strain estimator for elastography. Ultrason. Imaging. 1997; 
19:195–208. [PubMed: 9447668] 

14. Kennedy BF, Liang X, Adie SG, Gerstmann DK, Quirk BC, Boppart SA, Sampson DD. In vivo 
three-dimensional optical coherence elastography. Opt. Express. 2011; 19:6623. [PubMed: 
21451690] 

15. Larsson, M.; Kremer, F.; Heyde, B.; Brodin, LA.; D’Hooge, J. Ultrasound-based Speckle Tracking 
for 3D Strain estimation of the Arterial wall: an experimental validation study in a tissue 
mimicking phantom. IEEE International Ultrasonics Symposium. IUS; 2011. p. 725-728.2011

16. Liu L, Morgan EF. Accuracy and precision of digital volume correlation in quantifying 
displacements and strains in trabecular bone. J. Biomech. 2007; 40:3516–3520. [PubMed: 
17570374] 

17. Lopata RG, Hansen HH, Nillesen MM, Thi-jssen JM, De Korte CL. Comparison of one-
dimensional and two-dimensional least-squares strain estimators for phased array displacement 
data. Ultrason. Imaging. 2009; 31:1–16. [PubMed: 19507679] 

18. Lopata, RGP. 2D and 3D Ultrasound Strain Imaging: Methods and In Vivo Applications. PhD 
dissertation. Radboud University Nijmegen; 2010. 

Perez et al. Page 12

Ann Biomed Eng. Author manuscript; available in PMC 2017 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



19. Morris HJ, Tang J, Cruz Perez B, Pan X, Hart RT, Weber PA, Liu J. Correlation between 
biomechan-ical responses of posterior sclera and IOP elevations during micro intraocular volume 
change. Invest. Ophthalmol. Vis. Sci. 2013; 54:7215–7222. [PubMed: 24130185] 

20. Norman RE, Flanagan JG, Sigal IA, Rausch SM, Tertinegg I, Ethier CR. Finite element modeling 
of the human sclera: influence on optic nerve head biome-chanics and connections with glaucoma. 
Exp. Eye Res. 2011; 93:4–12. [PubMed: 20883693] 

21. Palko JR, Pan X, Liu J. Dynamic testing of regional viscoelastic behavior of canine sclera. Exp. 
Eye Res. 2011; 93:825–832. [PubMed: 21983041] 

22. Palko JR, Tang J, Cruz Perez B, Pan X, Liu J. Spatially heterogeneous corneal mechanical 
responses before and after riboflavin-ultraviolet-A crosslinking. J. Cataract. Refract. Surg. 2014; 
40:1021–1031. [PubMed: 24751145] 

23. Park HY, Lee KI, Lee K, Shin HY, Park CK. Torsion of the optic nerve head is a prominent feature 
of normal-tension glaucoma. Invest. Ophthalmol. Vis. Sci. 2015; 56:156–163. [PubMed: 
25425302] 

24. Pijanka JK, Coudrillier B, Ziegler K, Sorensen T, Meek KM, Nguyen TD, Quigley HA, Boote C. 
Quantitative mapping of collagen fiber orientation in non-glaucoma and glaucoma posterior 
human sclerae. Investig. Opthalmol. Vis. Sci. 2012; 53:5258.

25. Quigley HA. Open-angle glaucoma. N. Engl. J. Med. 1993; 328:1097–1106. [PubMed: 8455668] 

26. Schultz DS, Lotz JC, Lee SM, Trinidad ML, Stewart JM. Structural factors that mediate scleral 
stiffness. Invest. Ophthalmol. Vis. Sci. 2008; 49:4232–4236. [PubMed: 18539943] 

27. Sigal IA, Flanagan JG, Ethier CR. Factors influencing optic nerve head biomechanics. Invest. Oph-
thalmol. Vis. Sci. 2005; 46:4189–4199.

28. Skovoroda AR, Emelianov SY, Lubinski MA, Sarvazyan AP, O’Donnell M. Theoretical analysis 
and verification of ultrasound displacement and strain imaging. IEEE Trans. Ultrason. Ferroelectr. 
Freq. Control. 1994; 41:302–313.

29. Srinivasan S, Righetti R, Ophir J. Trade-offs between the axial resolution and the signal-to-noise 
ratio in elastography. Ultrasound Med. Biol. 2003; 29:847–866. [PubMed: 12837500] 

30. Tang J, Liu J. Ultrasonic measurement of scleral cross-sectional strains during elevations of 
intraocular pressure: method validation and initial results in posterior porcine sclera. J. Biomech. 
Eng. 2012; 134:091007. [PubMed: 22938374] 

31. Varghese T, Ophir J. A theoretical framework for performance characterization of elastography: the 
strain filter. IEEE Trans. Ultrason. Ferroelectr. Freq. Control. 1997; 44:164–172. [PubMed: 
18244114] 

32. Vurgese S, Panda-Jonas S, Jonas JB. Scleral thickness in human eyes. PLoS ONE. 2012; 7:e29692. 
[PubMed: 22238635] 

33. Yoo L, Kim H, Gupta V, Demer JL. Quasilinear viscoelastic behavior of bovine extraocular muscle 
tissue. Invest. Ophthalmol. Vis. Sci. 2009; 50:3721–3728. [PubMed: 19357357] 

Perez et al. Page 13

Ann Biomed Eng. Author manuscript; available in PMC 2017 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 1. 
The solid circle represents a grid point in the tissue. A rectangular volume centered at the 

grid point is defined as a kernel. The new location of the grid point in the deformed state is 

determined by a search for the maximum cross-correlation coefficient (with interpolation) 

between the original kernel in the reference state and those within a search block in the 

deformed state.
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FIGURE 2. 
The grid points (i.e., kernel centers) have a higher spatial density for the same sized kernels 

if they overlap.
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FIGURE 3. 
The experimental loading protocol.
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FIGURE 4. 
(a) Schematics of the experimental setting showing the ultrasound scanning orientations 

with respect to the anatomy of the posterior sclera (S superior, N nasal, I inferior, T 
temporal, ONH optic nerve head); (b) Cross-sectional ultrasound image showing the speckle 

pattern and the thickness-tapering of the peripapillary sclera.
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FIGURE 5. 
Displacement vector fields for the simulated 0.5-voxel displacement. The grid points were 

down-sampled for clarity. The axes show grid point indices (x lateral, y axial, z elevational).
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FIGURE 6. 
The effect of lateral/elevational kernel size on accuracy and SNR for true strain at 0.005. The 

axial kernel size was 51.
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FIGURE 7. 
Simulated vs. calculated normal strains and volume ratios along the three orthogonal 

directions: (a) axial, (b) lateral, (c) elevational, and (d) volume ratio.
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FIGURE 8. 
Principal strains and vectors superimposed over the scanned volume on a representative 

specimen at 19 mmHg. The ONH is on the left side of the volume. The maximum shear 

appeared to lie in the through-thickness, meridional plane (coordinates shown in ε2 strain 

image).
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