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Abstract

We developed a digital correlation method to measure the 3-dimensional (3D) strain field in the optic
nerve head (ONH) in vivo between two intraocular pressures (IOP). Radial optical coherence tomography
(OCT) scans were taken of the ONH of 5 eyes from 5 glaucoma patients before and after IOP-lowering
surgery and from 5 eyes from 3 glaucoma suspect patients before and after raising IOP by wearing tight-fitting
swimming goggles. Scans taken at higher and lower IOP were compared using a custom digital volume
correlation (DVC) algorithm to calculate strains in the anterior lamina cribrosa (ALC), retina, and choroid.
Changes in anterior lamina depth (ALD), the distance from Bruch’s membrane to the lamina anterior limit,
were also analyzed. IOP change after suturelysis was 9 - 20 mmHg, producing anterior-posterior strain relief
Ezz in the ALC (0.76%, p = 0.002,n = 5). Goggle-wearing led to IOP increases of 3-4 mmHg, producing
compressive Ezz in the ALC (−0.32%, p = 0.001,n = 5). Mean ALD was 2.12 µm more posterior at the
lower IOP (p = 0.024,n = 10). Greater percent IOP decrease was associated with greater ALD change
(p = 0.047,n = 10) and with greater strain relief in the ALC (Ezz: p = 0.002,n = 10). A deepening of ALD
was associated with greater maximum principal and maximum shear strains in the ALC (p ≤ 0.045,n = 10).
Average displacement error was estimated to be subpixel and strain errors were smaller than 0.37%.
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1. Introduction1

Glaucoma is the second leading cause of blindness worldwide after cataract [1] and is characterized by2

the progressive dysfunction and death of the retinal ganglion cells (RGCs) whose axons are injured at the3

optic nerve head (ONH). RGC axons travel through the ONH via a connective tissue structure known as the4

lamina cribrosa (LC) before entering the optic nerve. Glaucoma is associated with remodeling of the LC5

and surrounding sclera. As RGC axons are lost, the rim of the optic disc becomes thinner and the apparent6

cup of the ONH widens and deepens [2–6]. Remodeling of the LC during glaucoma includes posterior7
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migration of the beams of the LC, increased bowing and thinning of the LC, and an increase in the optic8

disc area [7]. The pores of the superior and inferior human LC are larger and have lower connective tissue9

density [8], and pressure-induced strains in these regions have been measured to be greater [9]. Previous10

experiments in both human and monkey eyes observed an association between regions with a higher degree11

of RGC axon loss and these regions of lower LC connective tissue density [8, 10, 11]. Recent studies by our12

group and others have used volume imaging and image correlation methods to map the pressure-induced13

deformation of the ONH in post mortem eyes, and have revealed heterogeneous strain fields with localized14

regions of large strains reaching 10% [9, 12–16]. These regional differences match the greater susceptibility15

to glaucoma damage for axons passing through the ONH poles [9]. This suggests that at least one major16

pathogenetic mechanism of glaucoma is based on the mechanical features of the LC.17

The level of IOP is an important risk factor that is strongly associated with the prevalence and severity18

of optic nerve axon damage in open-angle glaucoma [17–20]. Higher IOP is associated with increased19

glaucoma prevalence and axon damage [21–23] and lowering IOP has been shown to slow the progression20

of the disease [24, 25]. However, nearly half of patients with open angle glaucoma have normal IOP and the21

majority of patients with high IOP (ocular hypertensives) do not develop glaucoma [19, 26–28]. Variations in22

the IOP-induced strain response of the LC may explain why some eyes with normal IOP develop glaucoma23

damage and why IOP lowering is effective at slowing the progression of the disease. Regions of low24

connective tissue density may be more susceptible to RGC injury from the larger strains experienced at25

these sites in response to IOP as measured ex vivo; however, the ONH strain response measured ex vivo may26

not be representative of the behavior in vivo.27

In vivo measurements of ONH deformations have not been able to measure strain directly and instead28

generally measure changes between 2 IOP. A common approach has been to segment ONH structures in29

optical coherence tomography (OCT) images and to measure IOP-induced changes in the position and30

shape of the LC anterior surface relative to Bruch’s membrane opening (BMO) [29–35].We found that31

the change in the anterior lamina border depth (ALD) after IOP decrease by the suturelysis procedure after32

trabeculectomy [33] could be either anterior (into the eye) or posterior (out of the eye). The direction and33

degree of movement were significantly related to the degree of glaucoma damage. Furthermore, for the34

same amount of IOP change, eyes with a lower baseline IOP experienced greater LC depth change than35
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eyes at higher IOP, as would be expected for a stiffening stress response typical of collagenous tissues. In36

addition, regions of the ONH with more normal nerve fiber layer thickness had greater LC depth change with37

IOP lowering. These results suggest that the motion of the anterior lamina surface may be a biomechanical38

marker for degree of glaucoma injury and susceptibility. However, changes in LC anterior depth alone may39

not reflect LC strains. Modeling studies show that the LC anterior surface can move anteriorly or posteriorly40

in response to an IOP change, depending on the relative stiffness of the LC compared to the sclera [36, 37].41

Moreover, the motion of the LC anterior surface alone does not indicate the strain state, i.e., whether the42

tissue is experiencing tension, compression or shear.43

Girard et al. [38, 39] developed a DVC method to analyze spectral domain (SD)-OCT B-scans of the44

ONH taken within 21 days before and 50 days after trabeculectomy surgery. They segmented the tissues of45

the ONH and reported a significant strain relief in the visible LC volume with IOP lowering. Strain relief46

was greater in eyes with severe visual field loss. The investigators also applied the method to study the47

ONH deformation caused by acute IOP elevation by ophthalmodynamometer indentation on the sclera in48

normal, ocular hypertensive, and glaucoma subjects [40]. They found that LC strains induced by indentation49

were significantly smaller in ocular hypertensives compared to normals, but they did not find significant50

differences in the strain response of normal and glaucoma eyes.51

There are a number of challenges to measuring strain accurately by DVC analysis of OCT images of52

the ONH. Image contrast decreases and noise increases with depth and commercial OCT machines can only53

image 200-300 µm below the anterior LC border. Overlying blood vessels block the view of the LC in some54

regions and ONH tissues can move during imaging [39] due to blood vessel pulsation and eye motion. Rigid55

body motions are automatically corrected by some commercial OCT machines, but these phenomena can56

still result in changes in illumination and local ONH deformation, which contribute to positional uncertainty57

in image volumes taken over longer periods of time. Girard and coworkers imaged eyes at the same IOP58

sequentially and calculated an average effective strain error of 1.07% [38].59

To address some of these challenges, we have developed a DVC method [9, 15, 16] to analyze radial60

OCT scans of the ONH before and after IOP change to measure strains in the LC volume and changes61

in ALD. We developed a protocol for image post-processing to enhance contrast and reduce noise, which62

improves DVC accuracy. We applied the DVC method to calculate ONH strains in glaucoma patients and63
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glaucoma suspect patients after IOP change by laser suturelysis and by wearing tight fitting goggles [41].64

The strains in the LC were analyzed for variations with region, effects of IOP change, and association with65

the motion of the anterior LC border.66

2. Methods67

2.1. Experimental Subjects68

Eight patients of the Wilmer Glaucoma Center of Excellence, who have undergone standard diagnostic69

testing for glaucoma during prior examinations, underwent SD-OCT imaging (Spectralis, Heidelberg Engineering,70

Heidelberg, Germany) before and after laser suturelysis in the post-operative period after trabeculectomy71

glaucoma surgery, and before and after short-term wearing of tight-fitting swimming goggles without lenses72

[41]. OCT scans before and after IOP change were performed on the same day for both the suturelysis and73

goggle wearing group. For the goggle group, OCT scans were taken after the patients wore the goggles74

for 15 minutes. IOP was measured using an ICare tonometer (ICare Finland Oy, Espoo, Finland), and was75

recorded as the average of two mean measurements of 6 IOPs each. We imaged the ONH of 5 eyes from76

5 glaucoma patients, ages 63-83 (70.6± 7.6), with an average IOP reduction of 15.2± 4.1 mmHg (9-2077

mmHg) after suturelysis and 5 eyes from 3 patients, ages 52-77 (65.8±12.7), with an average IOP increase78

of 2.8±1.6 mmHg (0-4 mmHg) caused by wearing goggles. Among the suturelysis patients, 1 had moderate79

glaucoma damage and 4 had mild damage as measured by HFA2i 24-2 visual field tests (Carl Zeiss Meditec,80

Inc., Dublin, CA, USA). The 3 goggle-wearing patients had normal visual fields (Tab. 1). This study was81

approved by the Institutional Review Board of the Johns Hopkins School of Medicine on April 22, 2017.82

Written, informed consent was obtained from patients prior to imaging.83

2.2. OCT Imaging84

Patients were imaged 2-3 times at each IOP, with 30 seconds between image volumes. Each image85

volume consisted of 24 high-resolution radial SD-OCT scans centered about the ONH. The first scan was86

taken along an orientation perpendicular to the axis connecting the center of Bruch’s membrane opening87

and the fovea, and subsequent scans were taken every 7.5◦ clockwise in the circumferential direction (Fig.88

1a). Successive image volumes were registered automatically to the orientation of the first image volume89
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Eye ID Gender Age (yr) Race Eye VFI IOP Change High IOP Low IOP
Eye 1L Male 67 Caucasian Left 93% Suturelysis 24 mmHg 10 mmHg
Eye 2L Male 68 Caucasian Left 45% Suturelysis 38 mmHg 18 mmHg
Eye 3R Female 72 Caucasian Right 97% Suturelysis 29 mmHg 13 mmHg
Eye 4L Male 83 Caucasian Left 91% Suturelysis 21 mmHg 4 mmHg
Eye 5L Female 63 Caucasian Left 92% Suturelysis 20 mmHg 11 mmHg
Eye 6L Female 77 Caucasian Left 99% Goggles 17 mmHg 14 mmHg
Eye 7R Female 74 Caucasian Right 100% Goggles 22 mmHg 18 mmHg
Eye 7L Female 74 Caucasian Left 100% Goggles 24 mmHg 21 mmHg
Eye 8R Male 52 Caucasian Right 100% Goggles 23 mmHg 19 mmHg
Eye 8L Male 52 Caucasian Left 100% Goggles 20 mmHg 20 mmHg

Table 1: Glaucoma patients recruited for SD-OCT imaging before and after laser suturelysis and wearing
tight-fitting goggles, showing demographics information and visual field index (VFI).

by the Spectralis software. Each radial scan had a resolution of 768 x 495 pixels in the (R,Z) plane, and was90

obtained from the average of 25 B-scans, with 768 A-scans per B scan. The acquisition time for the image91

volume was estimated to be 20 seconds, with some variation based on patient motion. Images were acquired92

in enhanced depth imaging mode to capture the choroid and parts of the sclera and LC. The resolution in93

the anterior-posterior (Z) direction was 3.87 µm/pixel, and the resolution in the radial (R) varied from 5.6294

to 6.17 µm/pixel (mean ± standard deviation = 5.86 ± 0.23 µm/pixel) based on the optical magnification95

used for each eye. The scaling factors were recorded for each image volume and the images were exported96

as a series of de-identified images, which contained both the OCT image and a retinal map showing the97

orientation of the scan relative to the ONH (Fig. 1a).98

2.3. Image post-processing99

Amongst the image volumes acquired at each IOP, the volumes with the best focus, contrast, and lowest100

noise (Fig. 1a) were selected and imported into FIJI [42] for post-processing. The contrast was enhanced101

using piecewise contrast limited adaptive histogram equalization (CLAHE function, blocksize: 14, slope:102

3.5, Fig. 1b) and the signal to noise ratio was reduced using the Gamma function and a Gamma correction103

of 1.75 (Fig. 1c) (Supplemental Sec. S1). We have previously demonstrated the efficacy of noise reduction104

and CLAHE contrast enhancement in improving DVC correlation [9].105
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(a)

(b) (c)

Figure 1: Contrast enhancement of scan 12 (nasal-temporal) for Eye 1L: a) original scan with retinal image
showing scan location, b) contrast enhancement by CLAHE, c) noise reduction by Gamma correction.

2.4. Manual Segmentation of the tissue structures106

The post-processed image volumes were imported into MATLAB (R2015b, Mathworks, Natick, MA,107

US) and reconstructed into a 768 x 495 x 24 three-dimensional matrix of 8-bit intensity values corresponding108

to the (R,Z,Θ) pixel positions. Each image was cropped to remove 13 pixels on the left and right side and109

35 pixels on the bottom (posterior) edge of each image, as these areas were dark and contained imaging110

distortions. The volume was then resampled to a size of 371 x 360 x 48 pixels, by cutting each image down111

the middle in the R dimension, so that R = 0 corresponded to the center of the ONH in each image, Z = 0112

corresponded to the top of each image, and Θ = 0 corresponded to the inferior-superior or 6-12 clock hour,113

with 7.5◦ or 0.25 clock hours between each consecutive image (Fig. 2a).114

Structural features within the image volume at the baseline IOP before IOP change by suturelysis or115

goggle-wearing were manually marked within FIJI to segment the tissues of the ONH. The posterior edge116
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of Bruch’s membrane and the choroid-scleral limit were marked, where visible, on the 24 radial scans by117

points spaced every 15-25 pixels (Fig. 2a). Bruch’s membrane opening (BMO) was marked with 2 points in118

each scan. The visible portions of the LC anterior border were marked by points spaced every 10-20 pixels119

in each scan (Fig. 2a). The (R,Z,Θ) pixel positions of the marked points were then imported into MATLAB.120

The points of Bruch’s membrane on the left and right side of each scan were fit to a 5th order polynomial121

(MATLAB function polyfit), and used to segment the retina and the choroid (Fig. 2b). The points marked on122

the choroid-scleral interface were fit to a 6th order polynomial and used to segment the choroid and sclera.123

The anterior LC border has an irregular shape that varied significantly among eyes. A piecewise linear124

interpolation of the points marking the anterior LC border was used to divide the prelaminar neural tissue125

(PLNT) from the LC. There was no distinct posterior limit of the LC (identified histologically as the initial126

myelination of axons) that was visible in most of the OCT volumes. Thus, the anterior LC (ALC) region127

was defined in each scan from the anterior LC border to 250 µm posterior to the border (Fig. 2b). When128

there was tissue identified posterior to the ALC, the posterior LC (PLC) region was defined as the region129

from the posterior border of the ALC to 250 µm posterior to the ALC (Fig. 2b). The 250 µm thicknesses130

selected to segment the ALC and PLC was based on average histological measurements of the human LC131

thickness [43]. When the anterior LC border was not visible across the entire zone underlying BMO, we132

delimited the PLNT by drawing a straight line from the end of visible anterior LC border to the BMO (Fig.133

3b). The LC was not assessed posterior to these regions because the location of the LC limit was unclear.134

The BMO width was defined in each scan as the length of a line connecting the BMO points. The135

anterior LC depth (ALD) was calculated as the vertical distance from the BMO line to the LC anterior limit136

(Fig. 4). The PLNT, ALC, and PLC regions were divided into central and peripheral regions, such that each137

occupied 50% of the BMO width as shown in in Figures 2b and 3b.138

2.5. Digital volume correlation of ONH displacements139

The Fast-Iterative DVC algorithm was developed by Bar-Kochba et al. [44] to analyze rectangular image140

volumes and to calculate the deformation field by correlating the image intensity patterns of a deformed141

image volume to the reference volume. The algorithm initially uses a large subset size and coarse spacing142

for image correlation, then iteratively refines the subset size and spacing to achieve higher spatial resolution143

and displacement accuracy. We modified the algorithm to analyze the cylindrical volume formed by the 24144
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Figure 2: a) Defining the (R,Z,Θ) orientations and manual marking of Bruch’s membrane, choroid-scleral
interface, BMO, and LC anterior limit for scan 24 (superior-inferior) of Eye 4L, which has a fully visible
anterior LC limit. b) The resulting segmentation of the ALC, PLC, PLNT, retina, choroid, sclera, and the
central and peripheral ONH. The lines — denote tissue boundaries determined by manual segmentation, - -
the radial position of the BMO points, and - - the radial position dividing the central and peripheral ALC.
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Figure 3: a) Defining the (R,Z,Θ) orientations and manual marking of Bruch’s membrane, choroid-scleral
interface, BMO, and LC anterior limit for scan 12 (nasal-temporal) of Eye 1L, which has a partially occluded
anterior LC limit. b) The resulting segmentation of the ALC, PLC, PLNT, retina, choroid, sclera, and the
central and peripheral ONH. The lines — denote tissue boundaries determined by manual segmentation, - -
the radial position of the BMO points, and - - the radial position dividing the central and peripheral ALC.
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Figure 4: Illustration of ALD and BMO width calculation in sector scan 24 (superior-inferior) for Eye 4L:
a) the marked BMO and LC anterior limit at high and low IOP and b) ALD calculation and change from
high to low IOP. Changes are exaggerated for emphasis.

radial OCT scans and calculate the displacement fields in the R (UR), Z (UZ), and Θ (UΘ) directions between145

images acquired at an initial (baseline) IOP and at a subsequent (deformed) IOP. For suturelysis patients,146

the reference images were the higher pressure (before surgery) images. For the patients who wore goggles,147

the reference images were the lower pressure (before goggles) images. The cylindrical volume formed by148

the 24 radial OCT scans was converted to a rectangular image volume by first padding the boundaries of the149

radial scan in Z and R with zeros. At R = 0, the signal from the opposing side of each scan (Fig. 2a, 3a)150

was used to pad the boundary instead of zeros so as to enable displacement correlation up to the centerline.151

At Θ = 0 and 2π , the signal from scans across the boundary was similarly used to pad the volume so as to152

enable continuous displacement correlation up to these boundaries. A starting subset size of 128 x 128 x 32153

pixels and a coarse calculation spacing of 32 x 32 x 8 pixels in (R, Z, Θ) ) was selected for the first iteration154

and the spacing and size was refined in 5 successive iterations to a final subset size of 48 x 48 x 16 pixels and155

spacing of 1 x 1 x 1, or every pixel. The cross-correlation coefficient and components of the displacement156

field (UR, UZ , UΘ) in microns were exported for subsequent analysis of strains and errors.157

2.6. Displacement post-processing and strain calculations158

The DVC displacement correlation error in each eye was estimated by applying a rigid body motion of159

10 µm in Z and a uniform strain of 2% tension in R and 2% compression in Z to each reference volume,160

then applying DVC to calculate the resulting displacement field compared to the applied displacement field161
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(Supplemental Section S2.2). We also estimated the baseline positional error due to factors such as patient162

motion and venous pulsation at a constant IOP by correlating 2 of the duplicate image volumes acquired at163

the same IOP with DVC (Supplemental Sec. S2.1). The DVC correlation and baseline displacement errors,164

and the strain error fields resulting from them, were summarized using 4 metrics: bias (average error),165

uncertainty (standard deviation of error), absolute average error (average magnitude of error), and absolute166

uncertainty (standard deviation of error magnitude) as shown in Supplemental Sections S2.1-S2.3.167

We developed the following sequence of filters to remove regions with poor DVC correlation, high168

displacement errors, and displacement outliers. The specifications of the displacement filters, such as the169

threshold and subset size, were selected by varying the settings within each algorithm and investigating the170

effect on the DVC displacement and strain error fields. The settings selected reduced the average absolute171

displacement errors to less than 0.25 pixel.172

We first applied a DVC correlation filter that removed regions with a DVC correlation coefficient below173

0.055. Regions with a low cross-correlation coefficient corresponded to dark or oversaturated areas of low174

contrast (Supplemental Sec. S1.1). Displacement calculations within 32 pixels of the left and right edges of175

the image and within 25 pixels of the bottom (posterior edge) of the image were also removed because these176

border regions typically exhibited poor DVC correlation. A displacement error filter was applied to remove177

regions where the UZ or UR DVC correlation error exceeded 5 µm. We further removed displacement178

outliers where UR or UZ displacement was 10 µm or greater than the average displacement within an 8179

pixel radius (98 x 66 µm R, Z neighborhood). A 2D Gaussian filter was applied to smooth the UR and UZ180

displacement fields and fill in small holes in the R−Z plane. A 1D Gaussian filter was applied to smooth the181

UΘ displacements through all 48 slices at each R, Z pixel. Gaussian filters were designed to preserve average182

gradients and displacement magnitudes but to smooth sharp spikes in the displacement fields (Supplemental183

Sec. S1.2).184

To calculate the displacement gradients with respect to R and Z at a given point, the displacements UR,185

UZ , and UΘ, in a 71x71 pixel R−Z neighborhood were fit to a plane. To calculate the displacement gradients186

with respect to the Θ direction, a 4th-order polynomial function was fit to the displacement components at187

each pixel (R,Z) through all 48 radial scans in the Θ direction, with the radial scans 1, 2, 47, and 48 on the188

edges of the Θ = 0 and 2π boundary repeated twice to enforce continuity of the fit at the boundary. This189
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combination of local fitting in the R−Z plane and global fitting in Θ yielded the lowest DVC correlation190

strain errors in a pilot study. To prevent the calculation of strains outside of tissue boundaries and in areas191

of poor correlation, displacement gradients were only calculated at pixels that met the following criteria:192

(1) 80% or more of the points in the 5 x 5 pixel neighborhood surrounding the pixel must have displacement193

correlation,194

(2) if displacement correlation existed at the pixel, 25% or more of the points within the 71 x 71 pixel R−Z195

neighborhood and 48 pixel Θ neighborhood must have displacement correlation,196

(3) if displacement correlation did not exist at the pixel, 50% or more of the points within the 71 x 71 pixel197

R−Z neighborhood must be correlated to allow for interpolation of the gradients with respect to R and Z.198

The cylindrical components of the Green-Lagrange strain tensor were calculated from the displacement199

gradients at each pixel as,200
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The strain components Err, Ezz, and Erz were used to calculate the maximum principal strain Emax,201
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minimum principal strain Emin, and the maximum shear strain Γmax in the R-Z plane within each image as,202

Emax =
Err +Ezz

2
+

√(
Err −Ezz

2

)2

+Erz
2,

Emin =
Err +Ezz

2
−

√(
Err −Ezz

2

)2

+Erz
2,

Γmax =

√(
Err −Ezz

2

)2

+Erz
2.

(2)

Principal strains were calculated in the R-Z plane rather than in 3D because the displacement resolution203

in Θ decreased with the radial distance and was lower on average than the displacement resolution in R and204

Z.205

2.7. Statistics206

The strain measures Err, Ezz, Eθθ , Emax, Emin, and Γmax in both the suturelysis and goggle eyes were207

averaged within the ALC, PLNT, retina, choroid, and sclera tissues within the ONH and within the central208

and peripheral ONH regions as described in Section 2.4. Statistical analyses were performed using the209

MATLAB statistics and machine learning toolbox (version R2015a). We analyzed: 1) differences in the210

outcomes between the tissues of the ONH; 2) differences in the outcomes in the central and peripheral ALC;211

3) associations between the average ALC strain outcomes, ALD change, IOP change, and IOP change as a212

percentage of the higher IOP value.213

When reporting strain for goggle and suturelysis groups separately, the first pressure state (before214

alteration by surgery or goggles) was used as the reference. Thus, strain in suturelysis eyes is a measure of215

strain relief from IOP-lowering surgery, whereas strain in the goggle eyes is from the increase in pressure216

from tight-fitting goggles pressing on the orbit of the eye. For statistical tests 2 and 3 the groups were217

combined by reversing the sign of strain and ALD change in the goggle eyes, thus ALD change and218

strain outcomes correspond to a lowering of IOP from a higher IOP reference in these analyses for both219

groups. This will allow the strains from the 2 groups to be analyzed together for associations with ALD and220

IOP change, increasing the statistical power of these tests and the range of IOP change and baseline IOPs221

investigated.222
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For analysis of data with more than one measurement per eye, e.g. the comparison of strains between223

ONH tissues and between the central and peripheral ONH, a repeated measures model and repeated anova224

(fitrm, ranova) was used, which took into the account the correlation between measurements within the225

same eye. Pairwise comparisons, mean differences, and 95% confidence intervals were obtained afterward226

from the model with the MATLAB function multcompare. A one-sample student’s T-test (ttest) was used227

to determine if regional strain measures and ALD change were significantly different than zero on average228

across all specimens. For analysis of data with one measurement per eye, e.g. the correlation between the229

average strain in the ALC and IOP change, a linear model (fitlm, anovan) was used. Clustering of eyes from230

the same donor and age, race, and sex were not accounted for in these models due to the small sample size.231

Comparisons were considered significant if the p-value from each model was less than 0.05.232

3. Results233

DVC correlation within the LC depended on visibility in the OCT scans, which varied with the thickness234

and the morphology of blood vessels in the overlying neural tissue. For the 5 suturelysis eyes, we were able235

to calculate strain in 63% of the ALC volume, 83% of the central ALC volume and 42% of the peripheral236

ALC volume. For the 5 goggle eyes, which had thicker neural tissues above the LC, we were able to237

calculate strain in 52% of the ALC volume, 67% of the central ALC volume and 37% of the peripheral238

ALC volume. DVC correlation within the PLC was poor, and less than 10% on average, so strains were not239

analyzed within this region.240

Average displacement errors were estimated to be less than 1/4 pixel and average strain errors less than241

0.37%. Average absolute displacement error was less than 1.3 µm in R, 0.9 µm in Z, and 2.3 µm in Θ.242

Average absolute strain error was less than 0.37% for Err, 0.35% for Ezz, 0.26% for Erz, and 0.29% for Eθθ243

(Suppemental Sec. S2.3).244

3.1. IOP-induced strains in the ONH245

In the 5 suturelysis eyes, IOP decreased by 9-20 mmHg (15.2±4.1 mmHg), resulting in significant246

positive Ezz strain (Fig. 8a-e) and significant maximum principal strain Emax and maximum shear strain Γmax247

in the tissues of the ONH (Fig. 6a). Ezz strain was 0.763±0.240% in the ALC (p = 0.0021), 0.826±0.516%248

14



ALC PLNT Retina Choroid Sclera
-0.01

0

0.01

0.02

0.03

0.04

0.05

E
z
z
 S

tr
a
in

 

Suturelysis Eyes (n = 5)

*

*
*

*

p = 0.042p = 0.023p = 0.002 p = 0.045

(a)

ALC PLNT Retina Choroid Sclera

0.005

0

-0.005

-0.01

-0.015

E
z
z
 S

tr
a
in

 

Goggle Eyes (n = 5)

*

p = 0.083p = 0.001

(b)

Figure 5: Comparison of Ezz strain in the tissues of the ONH a) after IOP-lowering via suturelysis and b)
after IOP increase from wearing goggles, showing the p-values for strain outcomes significantly different
than zero (*). Ezz was significantly different than zero in both groups.

in the PLNT (p = 0.0232), and 2.396±1.815% in the choroid (p = 0.0418) (Fig. 5a). ALD also increased249

significantly by 3.71±1.90 µm on average (p = 0.0121, Supplemental Tab. S3). The average radial strain250

Err (−0.170±0.339%), circumferential strain Eθθ (−0.404±0.745%), and shear strain components Erz, Eθr,251

Eθz were not statistically greater than zero in the ALC (Fig. 6a). The 3 ONH with smaller ALD at baseline252

(< 400 µm) had negative average Err (−0.306± 0.193%) and Eθθ (−0.892± 0.413%) in the ALC (Tab.253

Supplemental Tab. S3), which would be consistent with a contraction in LC diameter with IOP lowering254

(Fig. 7a). The 2 ONH with larger ALD at baseline (> 450 µm) had on average positive Err (0.034±0.498%)255

and Eθθ (0.328± 0.413%) in the ALC (Tab. Supplemental Tab. S3), which indicated an expansion in LC256

diameter with IOP lowering.257

In the 5 goggle eyes, IOP increased by 0-4 mmHg (2.8±1.6 mmHg), which generated compressive258

Ezz strain in the ALC (Fig. 8f-j). Average Ezz strain was −0.319± 0.077% in the ALC (p = 0.0007) and259

−0.275±0.268% in the PLNT (p = 0.0834) (Fig. 5b). ALD change was near zero on average (−0.503±260

1.892 µm), decreasing in 3 eyes, increasing in one eye, and remaining unchanged in one eye (average261

magnitude: 1.6±0.9 µm, Supplemental Tab. S3). Average Err, Eθθ , Erz, Eθr, Eθz strains in all ONH tissues262

were not statistically greater than zero (Fig. 6b, Supplemental Tab. S3).263

In the following sections, ALD change and strain outcomes in the ALC will be reported for an IOP264
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Figure 6: Comparison of the strain outcomes in the ALC a) after IOP-lowering via suturelysis and b)
after IOP increase from wearing goggles, showing the p-values for strain outcomes significantly different
than zero (*). Both groups experienced significant maximum principal strain Emax and maximum shear
strain Γmax. Ezz strain was positive in the suturelysis group, which indicates that the tissue experienced less
compression at the lower pressure, and negative in the goggle group, indicating greater compression at the
higher pressure.

difference between higher and lower for both the suturelysis and goggle groups. This will allow the strains265

from the 2 groups to be analyzed together for associations with ALD and IOP change.266

3.2. Regional strain variations in the anterior LC267

The central ALC had significantly greater Ezz (p = 0.0016,n = 10) and Emax (p = 0.0057,n = 10) than268

the peripheral ALC (Tab. 2, Fig. 9). There were no significant differences in average ALD change or Γmax269

between the central and peripheral ALC.270
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Γmax
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Figure 7: Strains within the ONH of Eye 2L after IOP lowering from 38 to 18 mmHg from suturelysis.
The left column shows strain outcomes overlaid on scan 1 (inferior-superior, 180◦-0◦) at the lower IOP. The
right hand column shows the thickness averaged ALC strains plotted on the reconstruction of the anterior
LC surface at the lower IOP. a) Err within I-S sector , b) Err within ALC, c) Ezz within I-S sector, d) Ezz

within ALC, e) Emax within I-S sector, f) Emax within ALC, g) Γmax within I-S sector, h) Γmax within ALC.
The lines — denote tissue boundaries determined by manual segmentation, - - the radial position of the
BMO points, and - - the radial position dividing the central and peripheral ALC. Note that DVC correlation
within some images covered only part of the region within the marked boundaries of the choroid.
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Figure 8: Ezz strains within the I-S sector of each eye after IOP alteration. Ezz at the lower IOP for suturelysis
patients: a) Eye 1L (24-10 mmHg), b) Eye 2L (38-18 mmHg), c) Eye 3R (29-13 mmHg), d) Eye 4L (21-4
mmHg), and e) Eye 5L (20-11 mmHg). Ezz at the higher IOP for goggle wearing patients: f) Eye 6L (14-17
mmHg), g) Eye 7R (18-22 mmHg), h) Eye 7L (21-24 mmHg), i) Eye 8R (19-23 mmHg), and j) Eye 8L
(20-20 mmHg). The lines — denote tissue boundaries determined by manual segmentation and - - the radial
position of the BMO points 18
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Figure 9: Comparison of the average a) Ezz and b) Emax in the central and peripheral ALC regions for all
eyes (n = 10). Both strain outcomes were greater in the central ALC compared to the peripheral ALC (p ¡
0.01).

Sample Outcomes in Central Peripheral Mean Difference p-value
Size Anterior LC Average Average Central - Peripheral (95% CI) repeated anova

Suturelysis ALD Change (µm) 3.732±1.864 3.543±2.018 0.189 (-0.856, 1.233) 0.6421
(n = 5) Ezz Strain (10−2) 0.888±0.211 0.490±0.308 0.398 (0.138, 0.657) 0.0131

Emax Strain (10−2) 1.367±0.480 1.212±0.332 0.155 (-0.124, 0.433) 0.1977
Γmax Strain (10−2) 1.078±0.493 0.945±0.342 0.134 (-0.311, 0.578) 0.4512

Goggles ALD Change (µm) 0.597±1.957 0.356±1.967 0.241 (-0.890, 1.372) 0.5858
(n = 5) Ezz Strain (10−2) 0.387±0.025 0.188±0.199 0.199 (-0.019, 0.416) 0.0641

Emax Strain (10−2) 0.895±0.369 0.529±0.220 0.365 (0.121, 0.610) 0.0143
Γmax Strain (10−2) 0.669±0.253 0.557±0.176 0.112 (-0.152, 0.376) 0.3031

All Eyes ALD Change (µm) 2.164±2.445 1.949±2.520 0.108 (-0.367, 0.583) 0.6189
(n = 10) Ezz Strain (10−2) 0.638±0.300 0.339±0.291 0.298 (0.148, 0.448) 0.0015

Emax Strain (10−2) 1.131±0.474 0.871±0.447 0.260 (0.097, 0.423) 0.0057
Γmax Strain (10−2) 0.874±0.428 0.751±0.328 0.123 (-0.076, 0.322) 0.1954

Table 2: Comparison of average strain outcomes and ALD change in the central and peripheral ALC regions.
The central ALC had greater average Ezz and Emax strains compared to the peripheral ALC in both suturelysis
and goggle eyes (p < 0.006,n = 10).

3.3. Variations in LC deformation with IOP271

We applied linear regression models to investigate associations between the ALC strains, ALD change,272

and IOP change. On average, a larger Ezz was obtained for a greater decrease in IOP in the ALC (p =273

0.0228,n = 10, Fig. 10a) and central ALC (p = 0.0040,n = 10). This means that on average, a larger274

decrease in IOP produced a larger decrease in the compressive strains experienced by the ALC. A larger275
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Emax (p = 0.0085,n = 10, Fig. 10c) and Γmax (p = 0.0110,n = 10, Fig. 10e) were obtained in the peripheral276

ALC for larger IOP decrease (Tab. 3). We also analyzed for association of IOP as a percentage of the higher277

IOP value to account for differences in the range of IOP. The linear regression for the percent IOP change278

had a higher correlation coefficient and lower p-value than the association with absolute IOP change (Tab.279

3), which suggests that the ALC exhibits a nonlinear pressure-strain response. A larger Ezz was associated280

with a higher percentage of IOP decrease in the ALC (p = 0.0024,n = 10, Fig. 10b) and in the central ALC281

(p = 0.0001,n = 10). Likewise a larger Emax (p = 0.0017,n = 10, Fig. 10d) and Γmax (p = 0.0126,n = 10,282

Fig. 10f) was obtained for a larger percent IOP decrease in the peripheral ALC.283

Linear correlation: LC Region Mean change per 10 mmHg R2 p-value Mean change per 10% R2 p-value
LC deformation and IOP IOP decrease (95% CI) (linear model) IOP decrease (95% CI) (linear model)

ALD Change (µm) Full 2.556 (0.689 4.424) 0.555 0.0135 0.604 (0.012 1.197) 0.409 0.0466
Central 2.493 (0.594 4.392) 0.534 0.0164 0.560 (-0.055 1.175) 0.355 0.0691

Peripheral 2.547 (0.568 4.525) 0.524 0.0179 0.642 (0.050 1.233) 0.439 0.0368
Ezz Strain (10−2) Full 0.284 (0.051 0.516) 0.497 0.0228 0.093 (0.044 0.142) 0.704 0.0024

Central 0.341 (0.144 0.538) 0.666 0.0040 0.106 (0.070 0.142) 0.850 0.0001
Peripheral 0.153 (-0.155 0.460) 0.141 0.2852 0.066 (-0.008 0.140) 0.345 0.0744

Emax Strain (10−2) Full 0.371 (-0.039 0.780) 0.353 0.0702 0.121 (0.022 0.220) 0.497 0.0228
Central 0.317 (-0.157 0.791) 0.229 0.1615 0.111 (-0.006 0.229) 0.374 0.0604

Peripheral 0.484 (0.161 0.806) 0.600 0.0085 0.147 (0.073 0.220) 0.726 0.0017
Γmax Strain (10−2) Full 0.287 (-0.045 0.619) 0.331 0.0817 0.093 (0.011 0.175) 0.458 0.0316

Central 0.276 (-0.156 0.708) 0.214 0.1786 0.101 (-0.004 0.207) 0.381 0.0574
Peripheral 0.347 (0.104 0.591) 0.576 0.0110 0.094 (0.026 0.163) 0.561 0.0126

Table 3: Linear models were used to investigate the correlation of IOP decrease (mmHg) and percent IOP
decrease (%) with average Ezz, Emax, and Γmax strains within the full, central, and peripheral ALC. Bolded
p-values represent significant correlations. There was a significant positive correlation between IOP decrease
and average ALD change in the LC (p = 0.0135), and a significant positive correlation between percent IOP
decrease and average Emax within the peripheral ALC (p = 0.0017), average Γmax within the peripheral
ALC (p = 0.0126), and average Ezz (p = 0.0001) in the central ALC. IOP decrease correlated similarly with
strains, but with less significance.

A larger IOP decrease caused the anterior LC surface to move more posteriorly relative to BMO and284

resulted in a greater average ALD change in the central (p = 0.0164), peripheral (p = 0.0179), and full LC285

(p = 0.0135,n = 10, Fig. 11a). ALD change was significantly related both to degree of IOP change and286

percent IOP decrease relative to the higher IOP (Tab. 3, Fig. 11).287

3.4. Variations in LC strains with ALD288

We next evaluated the association between ALC strains and ALD change (Tab. 4). For the full ALC,289

Emax and Γmax were significantly greater with greater ALD change (p ≤ 0.0448,n = 10). In the central290

ALC, ALD change significantly increased with increasing Ezz (p = 0.0489,n = 10, Fig. 12a) and Emax291
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Figure 10: Variation in the strain outcomes with the change in IOP showing: a) Ezz in the ALC increasing
with larger IOP decrease and b) larger percentage IOP decrease relative to the higher IOP; c) Emax in the
peripheral ALC increasing with larger IOP decrease and d) larger percentage IOP decrease relative to the
higher IOP; e) Γmax in the peripheral ALC increasing with larger IOP decrease and f) larger percentage IOP
decrease relative to the higher IOP.

21



0 5 10 15 20
IOP Decrease (mmHg) 

-2

0

2

4

6

A
L
D

 C
h
a
n
g
e
 i
n
 F

u
ll 

A
L
C

 (
µ

m
) 

R2 = 0.5546

p = 0.0135

Linear Model
Suturelysis
Goggles

(a)

0 20 40 60 80
IOP % Decrease 

-2

0

2

4

6

A
L
D

 C
h
a
n
g
e
 i
n
 F

u
ll 

A
L
C

 (
µ

m
) 

R2 = 0.4087

p = 0.0466

Linear Model
Suturelysis
Goggles

(b)

Figure 11: Variation in the ALD change with the change in IOP showing: a) ALD deepening with larger
IOP decrease and b) larger percentage IOP decrease relative to the higher IOP.

(p = 0.0457,n = 10). In the peripheral ALC, ALD change significantly increased with increasing Emax292

(p = 0.0391,n = 10) and Γmax (p = 0.0161,n = 10, Fig. 12c).293

Linear Correlation: LC Region Mean strain per 1 µm R2 p-value
Strain and ALD Change ALD change (95% CI) (linear model)

Ezz Strain (10−2) Full 0.068 (-0.009 0.146) 0.341 0.0764
Central 0.078 (0.000 0.155) 0.402 0.0489

Peripheral 0.043 (-0.044 0.131) 0.138 0.2897
Emax Strain (10−2) Full 0.126 (0.020 0.233) 0.484 0.0255

Central 0.124 (0.003 0.246) 0.411 0.0457
Peripheral 0.117 (0.007 0.226) 0.432 0.0391

Γmax Strain (10−2) Full 0.093 (0.003 0.184) 0.414 0.0448
Central 0.088 (-0.035 0.212) 0.255 0.1365

Peripheral 0.095 (0.023 0.168) 0.536 0.0161

Table 4: Linear models were used to investigate the correlation of average ALD change and average Ezz,
Emax, and Γmax strains within the full, central, and peripheral ALC. Bolded p-values represent significant
correlations. ALD change had a significant positive correlation with average Γmax strain within the
peripheral ALC (p = 0.0161), Ezz strain within the central ALC (p = 0.0489), and Emax strain within the
central (p = 0.0457) and peripheral (p = 0.0391) ALC.

4. Discussion294

We developed a method to estimate LC strain by analyzing deformation of the ONH in radial OCT scans295

in vivo before and after IOP changes. The radial scans are centered on the ONH and provide high spatial296

resolution imaging of the LC volume, using significantly fewer images than horizontal scans. Furthermore,297
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Figure 12: Variation in the strain outcomes with the change in ALD showing: a) Ezz in the central ALC
increasing with deepening ALD, b) Emax strain in the full ALC increasing with deepening ALD, and c) Γmax

in the peripheral ALC increasing with deepening ALD.

the limiting entry points to the ONH, the ends of Bruch’s membrane, are seen well on either side of every298

radial image, as compared to horizontal scans which often cannot analyze the upper and lower poles of the299

ONH using this landmark. Because fewer images are necessary for this analysis, imaging time is faster300

and there is less DVC correlation error caused by eye motion. The Spectralis software accounts for rigid301

body motion of the eye during scanning, but it cannot account for the strains induced by eye motion. Thus,302

longer imaging times result in more spatial uncertainty in the imaged volume. We developed a series of303

post-processing steps to filter out regions of poor displacement correlation and high displacement errors to304

further decrease the average baseline positional and strain errors.305

Girard et al. [38, 39] reported a DVC method to analyze OCT volumes, composed of horizontal B-scans306
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of the ONH taken before and after trabeculectomy. They reported a reduction in effective strain, shear strain307

in the direction it is maximum in 3D, after IOP-lowering surgery in the LC volume. Their illustrations308

suggest that the portion of images identified as LC was much larger than that selected here. The authors309

estimated an average effective strain error of 1.07% from consecutive OCT scans at the same IOP [39].310

We used a similar method to estimate baseline errors, and determined that the mean absolute displacement311

and strain errors were < 2.3 µm (1/4 pixel in R,Z,Θ) and 0.37% respectively. Beotra and coworkers [39]312

measured average effective strains in the LC of 6.08 ± 3.31% for primary open-angle glaucoma subjects313

and 4.05 ± 2.40% for primary angle-closure glaucoma subjects with brief ophthalmodynamometry-induced314

IOP elevations of 18 ± 4 mmHg to 36 ± 5 mmHg. For comparison, we calculated an average effective strain315

of 2.78 ± 1.10% in the LC for an IOP decrease of 26 ± 7 mmHg to 11 ± 5 mmHg for our 5 suturelysis316

patients using the strain definition provided by Beotra et al.317

Prior studies that measured ALD movement in vivo after IOP-lowering surgery as a surrogate for LC318

strain used OCT images acquired either within 2 minutes or weeks apart. Beotra et al. [40] imaged the ONH319

after less than 2 minutes of ophthalmodynamometer scleral indentation, during which the viscoelastic ONH320

response may not have fully equilibrated, leading to ALD changes of only -2.80 ± 3.59 µm for primary321

open-angle glaucoma subjects. Likewise, Agoumi et al. measured ALD changes ≤ 10 µm after brief322

ophthalmodynamometer indentation [31]. In the present series, the suturelysis-induced, ALD change ranged323

from 1.3-6.2 µm. The positive ALD change indicated that IOP decrease caused the average anterior LC324

surface to move posteriorly. In our previous study of ALD change after suturelysis, mean ALD change was325

47 ± 142 µm and mean absolute ALD change was 112 ± 90 µm, with some LC moving anteriorly and some326

posteriorly, depending upon the degree of glaucoma damage [33]. Clearly, the direction of ALD movement327

is likely to be influenced not only by the direction of IOP change, but by the combined action of scleral and328

LC strain. However, in our original report, some eyes were imaged on the same day and some were imaged329

weeks apart. In the present study, to avoid the confounding effects of remodeling, we performed all imaging330

on the same day as IOP change, but not in as short a time frame as the ophthalmodynamometry studies.331

This is likely to permit fuller immediate strain change, but will avoid tissue remodeling that would occur332

over weeks. While each study approach has value in determining the tissue response, the spacing between333

images needs to be accounted in evaluating such strain data.334
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In addition to the length of time between images, the amount of IOP change and, potentially, the range335

within which IOP change occurred [33], are important variables determining measured strain. While more336

data are needed to evaluate these associations, with mean IOP lowering by suturelysis of 15.2 ± 4.1 mmHg,337

average anterior-posterior strains of Ezz = 0.6-1.0% and ALD changes of 1.3-6.2 µm were induced in the338

ALC. Goggle-wearing changed IOP by a smaller amount (mean = 2.8 ± 1.6 mmHg), inducing ALD change339

from -2.3 to 2.7 µm and compressive anterior-posterior LC strains of 0.3-0.4%. Even with such small IOP340

changes, average Ezz strains and ALD change magnitude were larger than zero and of the same order as the341

estimated DVC displacement and strain errors in the Z direction of 0.9 µm and 0.34% respectively. Thus,342

our method can measure LC deformation even for small IOP changes. More recently, we have achieved343

IOP increase up to 15 mmHg by tightening the goggle fit. Wearing tight-fitting goggles without lenses is a344

promising method for inducing short-term IOP changes to measure LC biomechanics with imaging.345

The method presented here allows for regional strain comparisons within the LC. In these initial eyes,346

LC strains exhibited large regional variation. Ezz and Emax strains were larger in the central LC compared347

to the peripheral LC, perhaps due to variation in LC microstructure and shape. The central LC beams are348

generally arranged perpendicular to the OCT image axis, while those of the peripheral LC curve significantly349

upwards to join the sclera, an effect that will be exaggerated in more damaged glaucoma eyes. Interestingly,350

the DVC strain maps showed that an increase in IOP placed the central LC in compression, but could induce351

tension in the peripheral LC. The presence of regions of compressive and tensile strains in the peripheral LC352

caused the average Ezz strain to be lower than in the central LC.353

It is interesting to compare LC strains measured in post mortem eyes with those from in vivo imaging354

methods. While we previously conducted an ex vivo inflation test of the human ONH, the calculated strains355

were only accurate near the posterior surface of the LC and anterior-posterior strain could not be accurately356

assessed [9]. Coudrillier et al. measured the strain in the ex vivo porcine ONH between 6 and 30 mmHg [13]357

and reported accurate anterior-posterior strains as of 22.1 ± 2.0% on average, which were larger than the358

strains measured in the plane of the laminar beams (the radial-circumferential plane). While this study also359

measured greater average anterior-posterior strains, the magnitude of the strains was smaller. This could be360

because of differences between species or between the ex vivo and in vivo models. In addition to lacking361

blood flow and having potential autolytic change in cellular structure, the optic nerves were cut flush to the362
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sclera in the ex vivo inflation tests, which may result in a more compliant LC inflation response and larger363

anterior-posterior strains. Moreover, strains were measured in the ex vivo experiments from a lower baseline364

IOP, where the LC exhibits a more compliant inflation response than at higher IOP. Ocular tissues exhibit365

significant creep in response to changes in IOP, which varies between eyes but is reduced after equilibration366

at a constant pressure ex vivo [9]. It will be interesting to perform controlled in vivo imaging over short-term367

periods to assess the creep in the living eye.368

There are several limitations to this study that warrant further discussion. This pilot study had a small369

sample size, and IOP changes in the goggle eyes were clustered over a small range. The clustering of370

the data for the goggle-wearing group about a small IOP change range will be expanded in further work.371

Radial SD-OCT imaging with the present instrumentation has non-ideal contrast and resolution for DVC372

analysis. The spacing between scans in Θ varies linearly with the distance in R in radial sections, and373

consequently, the cylindrical voxels are more asymmetric than in rectangular volume imaging methods.374

While the spacing between images was small (< 18 µm) within the average BMO width in this study (1545375

µm), it can be as high as 50 µm on the edge of the images where retina, choroid, and scleral strains are376

analyzed. Consequently, Eθθ , Eθr, and Eθz strains have lower resolution in these tissues. Contrast in Z also377

fades with depth, and, while we were able to study much of the zone 250 µm posterior to the anterior LC378

border, the zone posterior to this, which grades into the myelinated optic nerve, is not visible. Likewise,379

the posterior border of the sclera is most often indistinct, so that scleral strains could only be estimated by380

selecting an arbitrary thickness with acceptable correlation. The brightness and noise content overall varied381

significantly between successive image volumes. To address these issues, we used contrast enhancement to382

equalize the brightness of features between different IOP and gamma correction to reduce the brightness of383

noise in the background. These image processing methods greatly improved DVC performance. In some384

eyes, thicker prelaminar neural tissues and retinal blood vessels obscure parts of the LC, which reduces385

data on the peripheral LC and differentially affects regional assessments. The percentage of the anterior LC386

with displacement correlation within the acceptable error range (Central: 40−99%, Peripheral: 17−80%)387

and the area of correlation within the scans (Central: 2.0− 4.7 mm2, Peripheral: 0.8− 3.9 mm2) varied388

significantly among eyes. The peripheral LC exhibited the largest variation in morphology, orientation,389

correlation area, and average strain, and these differences should be characterized in future studies to further390

26



analyze the strain response. This study used a Gaussian displacement smoothing filter, a displacement fitting391

window of 71x71 pixels in R−Z plane, and a 4th order polynomial to fit displacements in Θ to calculate392

strains. These methods were noted to smooth local peak strains, but improved the accuracy of regional strain393

calculations in correlation error tests to less than 0.37%. In comparison, local strain calculation methods with394

no gaussian filtering resulted in average strain errors in excess of 1%, mainly because of poorer correlation395

near blood vessel shadows and on the surface of the retina.396

5. Conclusions397

We developed a volume correlation method to analyze radial OCT scans of the ONH in patients before398

and after IOP changes to measure the 3D deformation of the human ONH. The main findings of the work is399

that:400

1. We developed a system of error filters that reduced the average absolute error in strain calculations to401

less than 0.37% and anterior-posterior and radial displacement calculations to less than 1.25 micron.402

This resolution is of the same order as the average magnitude of ALD change 1.6 µm and Ezz 0.32%403

for IOP changes of 0-4 mmHg applied by wearing tight-fitting swimming goggles.404

2. Decreasing IOP produced a reduction in the compressive Ezz strain in the LC and a small but significant405

average posterior motion of the anterior LC depth.406

3. LC strains and ALD change increased with a larger decrease in IOP.407

4. ALD moved more posteriorly for a larger reduction in the compressive Ezz strain in the LC.408

Acknowledgements409

This work was supported by: Public Health Service Research Grant EY021500, Brightfocus Foundation410

grant G2015132, and National Science Foundation Grant CMMI-1727104. Funding sources and sponsors411

had no involvement in the design of these studies, the collection and analysis of the data, or the writing of412

this manuscript.413

27



Disclosures414

The authors declare that they have no conflicts of interest.415

[1] A. Foster and S. Resnikoff. The impact of vision 2020 on global blindness. Eye, 19(10):1133–1135,416

2005.417

[2] H A Quigley, E M Addicks, W R Green, and A E Maumenee. Optic nerve damage in human418

glaucoma. II. The site of injury and susceptibility to damage. Arch. Ophthalmol. (Chicago, Ill. 1960),419

99(4):635–49, apr 1981.420

[3] Quigley HA. Open-angle glaucoma. New Engl. J. Med., 328:1097–1106, 1993.421

[4] H A Quigley, R Varma, J M Tielsch, J Katz, A Sommer, and D L Gilbert. The relationship between422

optic disc area and open-angle glaucoma: the Baltimore Eye Survey. J. Glaucoma, 8(6):347–52, dec423

1999.424

[5] John C. Morrison, Elaine C. Johnson, William Cepurna, and Lijun Jia. Understanding mechanisms of425

pressure-induced optic nerve damage. Prog Retin Eye Res, 24:217–240, 2005.426

[6] Y.H. Kwon, J.H. Fingert, M.H. Kuehn, and W.L.M. Alward. Primary open-angle glaucoma. New427

England Journal of Medicine, 360(11):1113–1124, 2009.428

[7] Ali Poostchi, Tracey Wong, Kenneth C Y Chan, Lance Kedzlie, Nisha Sachdev, Simon Nicholas,429

David F Garway-Heath, and Anthony P Wells. Optic disc diameter increases during acute elevations430

of intraocular pressure. Invest. Ophthalmol. Vis. Sci., 51(5):2313–6, may 2010.431

[8] H. A. Quigley and E. M. Addicks. Regional differences in the structure of the lamina cribrosa and their432

relation to glaucomatous optic nerve damage. Arch. Ophthalmol., 99:137–143, 1981.433

[9] DE Midgett, ME Pease, JL Jefferys, M Patel, C Franck, HA Quigley, and TD Nguyen. The434

pressure-induced deformation response of the human lamina cribrosa: Analysis of regional variations.435

Acta Biomater., 53:123–139, 2017.436

[10] Dandona L, Quigley HA, Brown AE, and Enger C. Quantitative regional structure of the normal human437

lamina cribrosa. a racial comparison. Arch. Ophthalmol., 108:393–398, 1990.438

[11] H. A. Quigley, E. M. Addicks, and W. R. Green. Optic nerve damage in human glaucoma III.439

Quantitative correlation of nerve fiber loss and visual field defect in glaucoma, ischemic neuropathy,440

papilledema, and toxic neuropathy. Arch. Ophthalmol., 100:135–146, 1982.441

[12] IA Sigal, JL Grimm, NJ Jan, K Reid, DS Minckler, and DJ Brown. Eye-specific IOP-induced442

displacements and deformations of human lamina cribrosa. Invest. Ophthalmol. Vis. Sci., 55(1):1–15,443

jan 2014.444

[13] B Coudrillier, DM Geraldes, NT Vo, R Atwood, C Reinhard, IC Campbell, Y Raji, J Albon,445

RL Abel, and CR Ethier. Phase-contrast micro-computed tomography measurements of the intraocular446

pressure-induced deformation of the porcine lamina cribrosa. IEEE, 35(4):988–999, 2016.447

28



[14] B Coudrillier, IC Campbell, AT Read, DM Geraldes, NT Vo, A Feola, J Mulvihill, J Albon, RL Abel,448

and CR Ethier. Effects of peripapillary scleral stiffening on the deformation of the lamina cribrosa.449

Invest. Ophthalmol. Vis. Sci., 57(6):2666–77, 2016.450

[15] Midgett D.E., Jefferys J.L., Quigley H.A., and Nguyen T.D. The contribution of sulfated451

glycosaminoglycans to the inflation response of the human optic nerve head. Invest. Ophthalmol.452

Vis. Sci. In Press, 2018.453

[16] YTT Ling, R Shi, DE Midgett, JL Jefferys, HA Quigley, and TD Nguyen. Characterizing the454

collagen network structure and pressure-induced deformation of the human optic nerve head. Invest.455

Ophthalmol. Vis. Sci., 2018.456

[17] Y Glovinsky, HA Quigley, and GR Dunkelberger. Retinal ganglion cell loss is size dependent in457

experimental glaucoma. Invest. Ophthalmol. Vis. Sci., 32:484–491, 1991.458

[18] HA Quigley, GR Dunkelberger, and WR Green. Retinal ganglion cell atrophy correlated with459

automated perimetry in human eyes with glaucoma. Am. J. Ophthalmol., 107:453–464, 1989.460

[19] CM Leske. Open-angle glaucoma - An epidemiologic overview. Ophthalmic Epidemilogy,461

14(4):166–172, 2007.462

[20] MV Boland and HA Quigley. Risk factors and open-angle glaucoma: classification and application. J.463

Glaucoma, 16(4):406–18, 2007.464

[21] K Nouri-Mahdavi, D Hoffman, AL Coleman, G Liu, G Li, D Gaasterland, and J Caprioli. Predictive465

factors for glaucomatous visual field progression in the Advanced Glaucoma Intervention Study.466

Ophthalmol., 111:1627–1635, 2004.467

[22] Boel Bengtsson and Anders Heijl. Diurnal IOP fluctuation: Not an independent risk factor for468

glaucomatous visual field loss in high-risk ocular hypertension. Graefe’s Arch. Clin. Exp. Ophthalmol.,469

243:513–518, 2005.470

[23] J Caprioli and AL Coleman. Intraocular pressure fluctuation. A risk factor for visual field progression at471

low intraocular pressures in the advanced glaucoma intervention study. Ophthalmol., 115:1123–1129,472

2008.473

[24] DE Gaasterland, F Ederer, A Beck, A Costarides, D Leef, J Closek, J Banks, S Jackson, K Moore,474

A Vela, RH Brown, M Lynch, J Gunsby, K Lober, T Marsh, C Stepka, R Montgomery, D Clagett,475

F Ashburn, K Schacht, E Coyle, MK Garland, S Lauber, K Michelitsch, S Plavnieks, L Vayer,476

E Burt, M Hundley, A Rae, RC Allen, E Miller, A Sporn, CK Fendley, LS Hoyle, PA Weber,477

R Derick, K McKinney, D Moore, T Lauderbaugh, ND Baker, F Kapetansky, D Lehmann, L Black,478

B Gloeckner, K Coleman, M Cassady, LJ Sharf, B Romans, Y Satterwhite, L Simmons, MA Vela,479

Jr Harbin TS, L Brannon, J Wright, J LaSalle, G Degenhardt, SA Bridgman, RR Ozment, M Hooper,480

S Goldstein, L Butler, M Perry, A Eckel, A Martin, C Session, D Nummerdor, L Wille, MN Cyrlin,481

H Dubay, R Fazio, PS Corbin, JT Wilensky, K Lindenmuth, D Hillman, CA Carroll, J Hatton, S Sonty,482

EJ Higginbotham, G Scholes, R Uva, J Fiene, D Frohlichstein, V Gates, L Pappas, D Rathbone,483

M Tadelman, G Hopkins, PR Lichter, TJ Bergstrom, SE Moroi, CJ Pollack- Rundle, C Standardi,484

L Abt, T Van Heck, GL Skuta, RM Schertzer, D Wicker, and PC Van Veldhuisen. The Advanced485

29



Glaucoma Intervention Study (AGIS): 7. The relationship between control of intraocular pressure and486

visual field deterioration. Am. J. Ophthalmol., 130:429–440, 2000.487

[25] A Heijl. Reduction of intraocular pressure and glaucoma progression. Arch. Ophthalmol.,488

120(10):1268, oct 2002.489

[26] HA Quigley. New paradigms in the mechanisms and management of glaucoma. Eye,490

19(12):1241–1248, dec 2005.491

[27] A Sommer, JM Tielsch, HA Quigley, JD Gottsch, J Javitt, and K Singh. Relationship between492

intraocular pressure and primary open angle glaucoma among white and black Americans: The493

Baltimore Eye Survey. Arch. Ophthalmol., 109:1090–1095, 1991.494

[28] MA Kass, DK Heuer, EJ Higginbotham, CA Johnson, JL Keltner, JP Miller, RK Parrish, MR Wilson,495

and MO Gordon. The ocular hypertension treatment study: a randomized trial determines that topical496

ocular hypotensive medication delays or prevents the onset of primary open-angle glaucoma. Arch.497

Ophthalmol., 120(6):701–713, 2002.498

[29] Nicholas G Strouthidis, Brad Fortune, Hongli Yang, Ian A Sigal, and Claude F Burgoyne. Effect of499

acute intraocular pressure elevation on the monkey optic nerve head as detected by spectral domain500

optical coherence tomography. Invest. Ophthalmol. Vis. Sci., 52(13):9431–7, jan 2011.501

[30] EJ Lee, TW Kim, and RN Weinreb. Reversal of lamina cribrosa displacement and thickness after502

trabeculectomy in glaucoma. Opthalmol. Vis. Sci., 119(7):1359–1366, 2012.503

[31] Younes Agoumi, Glen P. Sharpe, Donna M. Hutchison, Marcelo T. Nicolela, Paul H. Artes, and504

Balwantray C. Chauhan. Laminar and prelaminar tissue displacement during intraocular pressure505

elevation in glaucoma patients and healthy controls. Ophthalmol., 118:52–59, 2011.506

[32] TA Tun, SG Thakku, O Png, M Baskaran, HM Htoon, S Sharma, ME Nongpiur, CY Cheng,507

T Aung, NG Strouthidis, and MJA Girard. Shape changes of the anterior lamina cribrosa in normal,508

ocular hypertensive, and glaucomatous eyes following acute intraocular pressure elevation. Invest.509

Ophthalmol. Vis. Sci., 57(11):4869–4877, 2016.510

[33] HA Quigley, K Arora, S Idrees, F Solano, S Bedrood, C Lee, J Jefferys, and TD Nguyen.511

Biomechanical responses of lamina cribrosa to intraocular pressure change assessed by optical512

coherence tomography in glaucoma eyes. Invest. Ophthalmol. Vis. Sci., 58(5):2566–2577, 2017.513

[34] HYL Park, HY Shin, KI Jung, and CK Park. Changes in the lamina and prelamina after intraocular514

pressure reduction in patients with primary open-angle glaucoma and acute primary angle-closure.515

Invest. Ophthalmol. Vis. Sci, 55:233–239, 2014.516

[35] M Yoshikawa, T Akagi, M Hangai, H Ohashi-Ikeda, K Takayama, S Morooka, Y Kimura, N Nakano,517

and N Yoshimura. Alterations in the neural and connective tissue components of glaucomatous cupping518

after glaucoma surgery using swept-source optical coherence tomography. Invest. Ophthalmol. Vis. Sci,519

55:477–484, 2014.520

[36] IA Sigal, JG Flanagan, and CR Ethier. Factors influencing optic nerve head biomechanics. Invest.521

Ophthalmol. Vis. Sci., 46(11):4189–99, nov 2005.522

30



[37] IA Sigal, H Yang, MD Roberts, JL Grimm, CF Burgoyne, S Demirel, and JC Downs. IOP-induced523

lamina cribrosa deformation and scleral canal expansion: independent or related? Invest. Ophthalmol.524

Vis. Sci., 52(12):9023–32, nov 2011.525

[38] MJA Girard, NG Strouthidis, A Desjardins, JM Mari, and CR Ethier. In vivo optic nerve head526

biomechanics: performance testing of a three-dimensional tracking algorithm. J. R. Soc. Interface,527

10(87):20130459, oct 2013.528

[39] MJA Girard, MR Beotra, KS Chin, A Sandhu, M Clemo, E Nikita, DS Kamal, M Papadopoulos,529

JM Mari, T Aung, and NG Strouthidis. In Vivo 3-Dimensional Strain Mapping of the Optic Nerve530

Head Following Intraocular Pressure Lowering by Trabeculectomy. Ophthalmol., 123:1190–1200,531

mar 2016.532

[40] MR Beotra, X Wang, TA Tun, L Zhang, M Baskaran, T Aung, NG Strouthidis, and MJA Girard.533

In vivo three-dimensional lamina cribrosa strains in healthy, ocular hypertensive, and glaucoma eyes534

following acute intraocular pressure elevation. Invest. Ophthalmol. Vis. Sci., 59(1):260–272, 2018.535

[41] APB Paula, JS Paula, MJL Silva, EM Rocha, CG De Moraes, and MLV Rodrigues. Effects of536

swimming goggles wearing on intraocular pressure, ocular perfusion pressure, and ocular pulse537

amplitude. J. Glaucoma, 25(10):860–864, 2016.538

[42] J Schindelin, I Arganda-Carreras, E Frise, V Kaynig, M Longair, T Pietzsch, S Preibisch, C Rueden,539

S Saalfeld, B Schmid, JY Tinevez, DJ White, V Hartenstein, K Eliceiri, P Tomancak, and A Cardona.540

Fiji: an open-source platform for biological-image analysis. Nature Methods, 9(7):676–682, 2012.541

[43] Jost B Jonas and Leonard Holbach. Central corneal thickness and thickness of the lamina cribrosa in542

human eyes. Invest. Ophthalmol. Vis. Sci., 46(4):1275–9, apr 2005.543

[44] E Bar-Kochba, J Toyjanova, E Andrews, K Kim, and C Franck. A fast iterative digital volume544

correlation algorithm for large deformations. Exp. Mech., 55:261–274, 2015.545

31


