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Abstract

Purpose: To evaluate the performance of three-dimensional (3D) Endothelium/Descemet’s 

membrane complex thickness (En/DMT) maps, versus total corneal thickness (TCT) maps in the 

diagnosis of active corneal graft rejection.

Design: Cross-sectional study.

Methods: 81 eyes (32 clear grafts and 17 with active rejection, along with 32 age-matched 

control eyes) were imaged using high-definition optical coherence tomography (HD-OCT), and a 

custom-built segmentation algorithm was used to generate 3D color-coded maps of TCT and 

En/DMT of the central 6-mm cornea. Regional En/DMT and TCT were analyzed and compared 

between the studied groups. Receiver operating characteristic curves were used to determine the 

accuracy of En/DMT and TCT maps in differentiating between studied groups.

Main Outcome Measures: We evaluated regional En/DMT and TCT.

Results: Both regional TCT and En/DMT were significantly greater in actively rejecting grafts 

compared to both healthy corneas and clear grafts (P<0.001). Using 3D thickness maps, central, 

paracentral and peripheral En/DMT achieved 100% sensitivity and 100% specificity in diagnosing 

actively rejecting grafts (optimal cut-off value, OCV, of 19 μm, 24 μm and 26 μm, respectively), 

versus only 82% sensitivity and 96% specificity for central TCT, OCV of 587 μm. Moreover, 

central, paracentral and peripheral En/DMT correlated significantly with graft rejection severity (r 

= 0.972, r = 0.729, and r = 0.823, respectively; P < 0.001).

Conclusion: 3D-En/DMT maps can diagnose active corneal graft rejection with excellent 

accuracy, sensitivity and specificity. Future longitudinal studies are required to evaluate the 

predictive and prognostic role of 3D-En/DMT maps in corneal graft rejection.
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Introduction

Corneal transplantation is the most common type of organ transplantation, with 

approximately 185,000 corneas transplanted annually in a survey of 116 countries, and 1 in 

70 of the needs are covered worldwide.1 Corneal graft rejection is the leading cause of graft 

failure in the late postoperative period,2,3 and up to 68% of penetrating keratoplasties are 

affected with at least one episode of rejection.4–7 In full-thickness corneal transplants, graft 

failure rate secondary to a rejection ranges from 5% in low-risk grafts after five years to 35% 

in high-risk grafts at three years.8 These failures impose a heavy burden on the health care 

system and on patients’ quality of life.9 Hence, early detection of graft rejection is crucial to 

enhance corneal grafts survival and maintain patients’ productivity.10

Clinicians rely on slit-lamp findings of conjunctival injection, corneal edema, epithelial and 

endothelial rejection lines, sub-epithelial infiltrates, anterior chamber cells and flare, and 

Descemet folds to diagnose graft rejection,7,11 but these findings are only clinically apparent 

after irreversible loss of endothelial cells has already happened, which are critical for 

maintenance of corneal transparency.12 Pachymetry, in-vivo confocal microscopy, specular 

microscopy and anterior segment optical coherence tomography (AS-OCT) have been 

investigated to help diagnose a rejection earlier than clinical diagnosis.3,13–18 However, 

these methods analyzed the changes only in the central area of corneal graft and could thus 

miss an early rejection in the peripheral parts of the corneal graft. In our previous work, we 

disclosed that manual measurement of central endothelial/Descemet membrane complex 

thickness (En/DMT) is a novel quantitative index that correlates accurately with the severity 

of rejection in both ex-vivo and in-vivo studies.14 Also, we have shown that central En/DMT 

has better diagnostic performance than endothelial cell density and central corneal thickness 

in characterizing the immunological status of corneal grafts.13,14 However, these 

measurements were two-dimensional (2D) and thus more susceptible to missing minor 

changes in the optical scan.

In this study, we compared the performance of three-dimensional (3D) Endothelium/

Descemet’s membrane complex thickness (En/DMT) maps, versus total corneal thickness 

(TCT) maps in the diagnosis of active corneal graft rejection. A custom-built segmentation 

algorithm was used to generate 3D color-coded En/DMT maps from the captured HD-OCT 

images of the central 6-mm cornea. Compared with manual segmentation, this algorithm has 

been validated to be capable of segmenting all corneal layers of healthy eyes with similar 

accuracy, albeit with significantly better repeatability as well as significantly less running-

time per image.19 It utilizes automated segmentation algorithms to generate 3D thickness 

maps of corneal layers.19,23 This quasi-histological visualization can enhance evaluation and 

diagnosis of various corneal pathologies such as keratoconus,24,25 Fuchs’ endothelial 

corneal dystrophy,26 and corneal graft rejection.27 Additionally, we analyzed central, 

paracentral and peripheral En/DMT parameters that we found highly sensitive and specific 
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in diagnosing active corneal graft rejection. We also present data demonstrating that regional 

En/DMT is a much better indicator than central corneal thickness in assessing the 

immunological status of the corneal graft.

Materials and Methods:

Study population

This study was approved by the University of Miami Institutional Review Board. All 

participants provided written informed consent before enrollment. The study design 

followed the tenets of the Declaration of Helsinki for biomedical research.

Forty-nine eyes of 49 patients and 32 eyes of 32 normal controls were prospectively and 

consecutively recruited from December 2016 to January 2019 at Bascom Palmer Eye 

Institute, University of Miami. Inclusion criteria for participation included uneventful 

Penetrating keratoplasty (PK) or Descemet Stripping Automated Endothelial Keratoplasty 

(DSAEK) surgery performed greater than 1 month prior. Exclusion criteria included corneal 

grafts with microbial infection or past history of a rejection episode. For the un-operated 

control eyes, a best corrected visual acuity (BCVA) better than 20/25 on the Snellen scale, 

and no corneal abnormalities as detected by slit-lamp examination were required to be 

included in the study. Individuals with recent contact lens use, ocular diseases, previous 

ocular surgery, and systemic diseases with ocular involvement were excluded. Slit lamp 

examination was performed on each eye by a masked cornea specialist (either MA or SY) in 

order to assign the examined cornea into either a clear graft, or actively rejecting category. 

Active endothelial graft rejection was diagnosed by detecting new keratic precipitates (KPs) 

or a Khodadoust line in the presence of anterior chamber cells and new persistent corneal 

graft edema on two consecutive visits in a graft that was previously clear.7, 11 Clinical 

grading corneal grafts rejection based on the ejection severity was not attempted.

Image Acquisition and Analysis

Each participant received anterior segment HD-OCT (Envisu R2210, Bioptigen, Buffalo 

Grove, IL, USA) with 6 mm radial cuts centered on the corneal vertex. This device uses a 

super-luminescent diode light source with a central wavelength of 840 nm and it has an axial 

resolution of 3 μm, and a scanning speed of 32,000 A-scans per second with 36 frames per 

scan. Each participant was asked to look at a central fixation target and the presence of a 

visible specular reflection in all images confirmed optimal centration. In decentered grafts 

and post-PK eyes with high irregular astigmatism, the patient was asked to look at an 

optimized fixation target to maintain the geometric centration of the scan upon the graft. 

Custom-built segmentation software was used to segment the corneal epithelium, 

Descemet’s membrane and endothelium automatically with manual editing if needed (Figure 

1). Manual editing was executed by two masked operators when the automatic segmentation 

failed to delineate the irregularities on the endothelial layer in the rejecting corneal grafts. 

The segmentation software used the Random Sample Consensus (RANSAC) method with a 

polynomial model to estimate the corneal layer boundaries from potential points obtained 

from thresholding the OCT image.42 Then, the estimates are refined by searching locally in 

the original image for the best points. The segmentation method is robust to the specular 
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reflection as each boundary is fitted to a polynomial model which depends on all points and 

does not get affected that much with the specular reflection, as shown in Figure 1. Then, the 

segmentation of different frames of the scan is mapped into 3D and interpolated using bi-

cubic interpolation to obtain the corneal surfaces. After that, 3D ray tracing is applied 

iteratively at each interpolated surface to correct for the refraction in the OCT imaging light 

by applying the vector form of Snell’s law at the refractive interface between each 2 

successive layers (Figure 2-a).43 Finally, the inter-surface distances are measured as the 

shortest axial distance between each consecutive surface to generate the thickness maps. We 

used the refractive index of 1.376 for the corneal layers.44 Thickness maps were regionally 

divided into a central 2 mm circle, surrounded by 2 mm-wide paracentral, and 2 mm-wide 

peripheral concentric rings (Figure 2-b). The average central, paracentral and peripheral 

thickness parameters were calculated and used for further analysis. Validation studies of our 

automated image processing techniques were published in our previous work and the results 

were comparable to the manual operators.19

Diagnostic indices

We used three diagnostic indices to describe the regional microstructural characteristics of 

the En/DM complex; central, paracentral and peripheral En/DMT. We previously reported 

the 2 interfaces of the En/DM as the two most posterior hyper-reflective bands of the cornea 

on HD-OCT images.14,26

Statistical Analysis

Statistical analyses were performed using SPSS software version 22.0 (SPSS, Chicago, IL, 

USA) to calculate descriptive statistics for all eyes. The obtained TCT measurements were 

verified to have a normal distribution by assessment of histograms and a Shapiro-Wilk’s test 

of normality, while En/DMT was not. Therefore, mean ± standard deviations (SD) was used 

to characterize the distribution of the corneal thickness values, while the median values were 

used to characterize both En/DMT. In addition, one-way analysis of variance (ANOVA) with 

post-hoc comparisons were performed to account for the differences in central, paracentral, 

and peripheral corneal thickness, while a Kruskal-Wallis test with pairwise comparisons was 

used for regional En/DMT. Additionally, factorial-ANOVA was performed to verify if the 

changes in the corneal thickness and En/DMT depend on the type of graft (Penetrating 

Keratoplasty; PK versus Descemet Stripping Automated Endothelial Keratoplasty; DSAEK). 

The sensitivity and specificity of regional En/DMT and regional TCT in differentiating 

between studied groups were determined by generating receiver operating characteristic 

curves (ROC). In order to determine if central, paracentral and peripheral En/DMT would be 

descriptive of graft rejection severity, coefficient of correlation (r-value) of those indices and 

rejection severity based on central TCT was computed.14–16,41 Two-sided p-values less than 

0.05 were considered to be statistically significant. Moreover, intraclass correlation 

coefficients (ICC) were used to assess the inter-operator reliability of the manual 

measurements in the selected eyes. The ICC is defined as the ratio of the between-subjects 

variance to the sum of the pooled within-subjects variance and the between-subjects 

variance.20 The ICC interpretation that was used considered the reliability of the values as 

poor for values less than 0.2, fair for values from 0.21 to 0.40, moderate for values between 
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0.41 and 0.60, good for values from 0.61 to 0.80, and excellent for values higher than 

0.80.21,22

Results:

Our study included 49 eyes of 49 patients; the breakdown included 32 clear grafts (21 PK 

and 11 DSAEK), 17 actively rejecting grafts (13 PK and 4 DSAEK), and 32 eyes of 32 age- 

and gender-matched healthy controls. Table 1 summarizes the different characteristics of all 

groups. The type of graft (PK versus DSAEK) had no statistically significant effect on the 

changes in the mean regional corneal thickness and En/DMT values between the studied 

groups (Figure 3).

Using HD-OCT images, the En/DM in graft rejection was visualized as two smooth hyper-

reflective lines with a translucent space in between in both healthy corneas and clear grafts.
13 In actively rejecting grafts, it appears as a thickened band formed by two hyper-reflective 

lines with occasional granular hyper-reflectivity (Figure 1). The segmentation software was 

robust in delineating these granules automatically in most of the eyes except in three cases 

that needed manual segmentation. Using 3D thickness maps, we were able to quantify both 

the regional differences in TCT and En/DMT (Figure 4).

Regional analysis of mean central, paracentral, and peripheral En/DMT as well as TCT 

revealed no statistically significant differences between healthy controls and clear grafts 

(Table 2). However, there was a statistically significant increase in all parameters in the 

actively rejecting group compared to healthy eyes and clear grafts (P<0.001). With regards 

to the evaluation of the inter-operator reliability for the manual measurements, the ICC for 

TCT was 0.999 (95% Confidence Interval; CI, 0.997–1.00) and the ICC for En/DMT was 

0.962 (95% CI: 0.842–0.991).

Table 3 summarizes the diagnostic accuracy of regional TCT, versus En/DMT. Central, 

paracentral and peripheral En/DMT achieved 100% sensitivity and 100% specificity 

(optimal cut-off value (OCV) of 19 μm, 24 μm, and 26 μm, respectively), whereas central 

graft thickness achieved only 88% sensitivity and 90% specificity (OCV of 564 μm) in 

differentiating actively rejecting grafts from clear grafts (Figure 5).

To test whether central, paracentral and peripheral En/DMT could be used to quantify the 

severity of graft rejection, we correlated each of them with central corneal thickness as an 

objective diagnostic index of graft rejection. Central, paracentral and peripheral En/DMTs 

did not show significant correlations with central corneal thickness in controls and clear 

grafts. On the other hand, central, paracentral, and peripheral En/DMT of actively rejecting 

grafts showed a significant linear correlation with central corneal thickness (r = 0.972, P < 

0.001; r = 0.729, P < 0.001; and r = 0.823; P<0.001, respectively; figure 6).

Discussion:

Corneal graft rejection can start as a localized rejection before emanating throughout the 

entire cornea, hence regional analysis of corneal grafts would provide more substantial 

results.28 Corneal surgeons depend on clinical signs of limbal injection, aqueous cells, 
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keratic precipitates in the graft, and segmental or diffuse edema of the graft to diagnose a 

rejection;7,11 however, these findings coincide with permanent endothelial cell injury.12 This 

fact highlights the importance of the early and accurate diagnosis of graft rejection to 

preserve corneal grafts and prolong their survival.29–31 Corneal thickness has been used to 

predict rejection, as increasing central corneal thickness can be a sign of significant 

endothelial cell dysfunction; however, this is not sensitive for graft rejection.5 

Decompensation of corneal grafts is usually present before central corneal thickness 

increases beyond 600 μm.32,33 The Cornea Donor Study showed that both central corneal 

thickness and endothelial cell density were predictive of graft failure from all causes, not 

only graft rejection.15

Previous studies had selected the central area of the corneal graft for consistent 

analysis12–18, which could miss an ongoing rejection in the peripheral parts. Increased 

central corneal thickness measurements may offer an early warning of rejection, endothelial 

cell loss, inflammation, or other causes of endothelial cell dysfunction. However, central 

corneal thickness alone is not a reliable indicator of graft health or decompensation.6 The 

variability of normal corneal thickness between patients also presents a complication, 

because a mildly thickened graft undergoing rejection may still be within the range of 

normal.6, 15 For instance, acute graft rejection can present early with relatively normal 

corneal thickness (Figure 4, case 2); meanwhile, thicker grafts do not necessarily indicate 

active rejection (Figure 4, case 3).

Aqueous humor analysis has been reported to evaluate the increased cytokine levels during 

rejection of penetrating keratoplasty,34 but it is an invasive means of diagnosing rejection. 

Contact confocal microscopy has also been studied, and reports show that increased active 

keratocytes as well as immune cell densities in the central area can diagnose graft rejection 

via manual counting.18,35 Using specular microscopy, Musch et al. reported the significant 

decrease in the central endothelial cell density in severe graft rejection, whereas mild 

rejection episodes were not associated with a loss in cell density exceeding the expected.3 

Using anterior segment OCT, Abou Shousha et al. reported a higher sensitivity and 

specificity of central two-dimensional En/DMT in evaluating the immunological status of 

the corneal graft, versus both central corneal thickness,10 and endothelial cell density.13

Our previous work only used manual measurements to take the 2D thickness measurements 

in the central region and we were not able to highlight peripheral localized changes that 

could be signs of an early rejection. In this study, our custom-built segmentation algorithm 

allows for non-contact in-vivo 3D objective quantification of En/DM complex from images 

captured using the commercially available anterior segment HD-OCT devices; thus, it is less 

susceptible to missing minor changes in the optical scan. Briefly, the algorithm works by 

automatically segmenting all the B-scans, remapping the segmentation into 3D points, 

interpolating the points to generate the 3D corneal surfaces using bicubic interpolation, 

correcting the surfaces from light refraction and lastly, measuring the inter-surface distances 

and subsequently generating the thickness maps.19 Elsawy A. et al had validated the 

automatic segmentation of corneal layers using this algorithm, compared to manual 

operators.19 Our study reveals excellent inter-operator reliability for the TCT and En/DMT 

measurements using the manual segmentation for severely distorted corneal layers. Our 
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current data supports that imaging En/DMT has the highest sensitivity and specificity in 

diagnosing corneal graft rejection.

In our cross-sectional study, we report that the qualitative and quantitative regional analysis 

of the En/DM in corneal grafts using 3D color-coded thickness maps can accurately 

differentiate active rejection from healthy grafts; however, longitudinal studies showing 

some change in En/DM prior to the occurrence of actual active rejection is still required to 

validate that this diagnostic tool can detect rejections earlier than the current techniques. 

En/DM in actively rejecting grafts is characterized by diffuse or sectorial thickening of the 

posterior hyper-reflective layer with occasional nodular excrescences, giving it a saw-tooth 

appearance. These hyper-reflective granules may represent a tomographic visualization of 

the clinically detected KPs. However, the clinical and tomographic chronological changes in 

the En/DM of actively rejecting grafts were not examined due to the cross-sectional nature 

of our study. Hence, future longitudinal study is required to correlate the clinically detected 

KPs with these excrescences seen using OCT, and to evaluate the sensitivity of the 3D 

thickness maps to detect KPs earlier than slit-lamp examination. Quantitatively, the 

differences between the central, paracentral and peripheral En/DMT can diagnose acute 

rejection more accurately than corneal thickness measurements. The contemporaneous 

increase in the regional En/DMT in active graft rejection may potentially interact with 

endothelial function and subsequently play a part in the development of graft failure. Futher 

studies are required to evaluate the potential utility of these indices to remotely diagnose 

corneal graft rejection instead of in office exams. Furthermore, we investigated the objective 

relationship between the regional En/DMT and central TCT obtained from HD-OCT scans 

to test whether regional En/DMT could quantify the severity of graft rejection. We found the 

strongest positive correlation for the central En/DMT, followed by peripheral En/DMT and 

paracentral En/DMT. Prospective longitudinal study is required to identify the consecutive 

changes in the En/DMT of corneal allografts and to determine if that correlation could 

indicate that these changes occur before, and contribute to the edema in the rejecting corneal 

grafts.

Central En/DMT has been reported to be up to 18 μm in healthy subjects.13,14,26,36 Our 

results in healthy grafts and un-operated corneas match the reported measurements by Pekel 

et al.37, López de la Fuente et al.38, Alberto et al.39, and Hutchings et al40. Compared to the 

aforementioned studies, we demonstrated not only the central thickness of En/DM, but also 

the 3D mapping of the central 6 mm region in healthy corneas, clear grafts, and actively 

rejecting grafts using our automated segmentation algorithm.

Our study is not without limitations. First, imaging was limited to the central 6 mm of the 

cornea as the tele-centric probe has diminished axial resolution and signal intensity in 

peripheral regions. Nevertheless, in the context of keratoplasty, the graft is frequently 1–2.5 

mm larger than central 6-mm zone. Second, we used 36 radial cuts on each eye to create a 

composite three-dimensional model of the cornea. Hence, a noncontiguous model was 

converted into a contiguous map, which may not account for minor gaps in measurement 

that may nonetheless be clinically significant. In addition, in severely distorted En/DM, 

manual editing of the automatically segmented endothelial boundary was necessitated to 

delineate the irregular excrescences in the En/DM complex. Moreover, the study was not 
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correlating the clinically graded severity of graft rejection with regional En/DMT indices. 

However, we used the central TCT as an objective indicator of rejection severity.14,16,41 

Lastly, the longitudinal changes in En/DMT with progressive corneal allograft rejection 

weren’t examined owing to the cross-sectional nature of this study. Thus, a future 

prospective longitudinal studies that uses an HD-OCT technology with wider scanning field 

and a more robust automatic segmentation algorithm are therefore warranted to address the 

aforementioned limitations and quantify long-term changes in the entire graft to more 

optimally explore the predictive and prognostic role of En/DMT in corneal graft rejection.

In conclusion, our study has disclosed, for the first time in the literature, the in-vivo 3D 

color-coded thickness maps of En/DM in corneal grafts. 3D-En/DMT maps have shown 

excellent sensitivity and specificity in detecting active corneal graft rejection that strongly 

correlate with the severity of graft rejection. Further studies are required to evaluate the 

potential utility of 3D-En/DMT maps in prediction and guidance of therapeutic decisions in 

corneal allograft rejection especially in high-risk corneal transplants.
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AUC Area under curve

OCV optimal cut-off value

PK Penetrating keratoplasty

DSAEK Descemet Stripping Automated Endothelial Keratoplasty

SD standard deviation

ANOVA analysis of variance

2D two-dimensional

3D three-dimensional

Epi epithelium

KPs keratic precipitates
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Figure 1: 
High-definition optical coherence tomography (HD-OCT) images of a healthy unoperated 

cornea (First row, left), clear corneal graft (Second row, left) and an actively rejecting graft 

(Third row, left). Presets (Right column) show magnified images of the posterior part of the 

corresponding cornea on the left. The red dashed line represents the anterior boundary of the 

corneal epithelium (Epi), the green dashed line indicates the corneal endothelium (En), and 

the blue dashed line for Descemet’s membrane (DM). In the presets, the thick arrows 

indicate the segmentation of the endothelium/Descemet’s membrane complex (En/DM). 

Endothelium/Descemet’s membrane complex thickness (En/DMT) is measured as the inter-
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surface distance between the segmented En and DM layers. The specular reflection (SR) 

confirmed optimal centration, however, the segmentation method is robust, as each boundary 

is fitted to a polynomial model, and thus does not get affected that much. In both healthy 

corneas and clear grafts, corneal En and DM were visualized as a band formed by 2 smooth 

hyper-reflective lines with a translucent space in between (First and second rows, right). In 

actively rejecting grafts (third row), En/DM appeared as a thickened band bounded by 2 

hyper-reflective lines. The anterior line and the translucent space in between the lines were 

like those of the healthy corneas and clear grafts, while the posterior line had a broader 

hyper-reflectivity (third row, right) and occasional nodular excrescences (third row, right, 

yellow arrows). Bars are 100 μm.
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Figure 2-a: 
A diagram showing the concept of thickness measurement using three-dimensional ray 

tracing. The axial distances between the uncorrected surfaces (red arrows) represent the 

optical path length and it is converted to geometric distance (blue arrows) using the layer 

refractive index. Three-dimensional ray tracing is applied iteratively at each surface to 

correct for the refraction in the OCT imaging light by applying the vector form of Snell’s 

law at the refractive interface between each 2 successive layers. Then, the thickness is 

measured as the shortest distance (black arrows) between each consecutive surfaces.
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Figure 2-b: 
The scheme of arrangement of the corneal regions for quantitative evaluation of the layer 

thickness: Central region (C1, C2) lies within a 1 mm radius, surrounded by 2 concentric 

paracentral (M1, M2, M3, M4, M5, M6) and outer (O1, O2, O3, O4, O5, O6) rings, each 

with a 2 mm width. N: Nasal; S: Superior; T: Temporal; I: Inferior.

Eleiwa et al. Page 15

Am J Ophthalmol. Author manuscript; available in PMC 2021 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3: 
Box-plot distributions showing that there was no statistically significant effect of the type of 

graft-Penetrating keratoplasty (PK) versus Descemet Stripping Automated Endothelial 

Keratoplasty (DSAEK)-on the changes in the mean central, paracentral and peripheral total 

corneal thickness (upper raw), and central, paracentral and peripheral endothelium/

Descemet’s membrane complex (En/DM) thickness (lower raw) values between the studied 

groups.
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Figure 4: 
Graph showing the discrimination between two actively rejecting corneal grafts (case 1 and 

case 2), a clear corneal graft (case 3) and healthy unoperated cornea (case 4) using color-

coded and bulls-eye three-dimensional thickness maps of the total corneal thickness (TCT, 

1st and 2nd raws) and endothelial/Descemet’s membrane complex thickness (En/DMT, 3rd 

and 4th raws). En/DMT was higher in case 1 and 2 compared to case 3 and 4. Interestingly, 

case 2 showed an active rejection in a thin corneal graft with high En/DMT compared to a 

healthy thicker graft (case 3) with normal En/DMT. Note the striking difference between the 

presented cases using the self-explanatory color-coded En/DMT maps.
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Figure 5: 
Combined receiver operating characteristics (ROC) graphs of central, paracentral and 

peripheral corneal thickness; regional endothelial/Descemet’s membrane complex thickness 

(En/DMT) in differentiating clear corneas from actively rejecting grafts. Regional En/DMT 

provided excellent discrimination (area under the curve, AUC, 1), whereas the central, 

paracentral and peripheral corneal thickness achieved an AUC of 0.922, 0.926 and 0.926, 

respectively.

Eleiwa et al. Page 18

Am J Ophthalmol. Author manuscript; available in PMC 2021 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6: 
Scatter plots showing a significant linear correlation between central corneal thickness and 

regional endothelial/Descemet’s membrane complex thickness (En/DMT) values in actively 

rejecting grafts.
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Table 1:

Characteristics of our study groups

Healthy control Clear grafts Actively rejecting grafts p value

Number of eyes Unoperated cornea 32 —— ——

——PK —— 21 13

DSAEK —— 11 4

Gender Female 14 13 10 p = 0.06**

Male 18 19 7

Age (years) 46±18 56±18 59±22 p = 0.06**

Postoperative time (Months) —— 8±5 10±4 p = 0.11**

Central corneal thickness (μm) 516±28 518±39 697±119 p <0.001**

Paracentral corneal thickness (μm) 527±27 552±41 766±149 p <0.001**

Peripheral corneal thickness (μm) 543±29 569±37 744±119 p <0.001**

Central DMT (μm)* 16 15 28 p <0.001***

Paracentral DMT (μm)* 17 17 35 p <0.001***

Peripheral DMT (μm)* 18 19 38 p <0.001***

DMT: Endothelial/Descemet membrane complex (En/DM) thickness; PK: Penetrating keratoplasty; DSAEK: Descemet Stripping Automated 
Endothelial Keratoplasty Values are presented as means ± standard deviation.

DMT is presented as median values.

**
p value is generated using one-way ANOVA test.

***
p value is generated using Kruskal-Wallis test.
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Table 2:

Pairwise comparisons of central, paracentral and peripheral Endothelial/Descemet thickness (En/DMT), and 

total corneal thickness (TCT) means in studied groups.

Dependent Variable (I) Studied 
groups

(J) Studied 
groups

Mean 
Difference (I-J), 

μm

Standard 
Error P value

95% Confidence Interval

Upper 
Bound

Lower 
Bound

Central corneal 
thickness

control
Clear graft −2 15 0.993 −38 35

Active rejection −181* 18 0.000 −225 −136

Clear graft Active rejection −179 * 18 0.000 −223 −134

Paracentral corneal 
thickness

control
Clear graft −25 18 0.376 −69 19

Active rejection −239 * 22 0.000 −292 −186

Clear graft Active rejection −214 * 22 0.000 −267 −161

Peripheral corneal 
thickness

control
Clear graft −25 15 0.222 −62 10

Active rejection −201 * 18 0.000 −245 −157

Clear graft Active rejection −175 * 18 0.000 −219 −131

Central En/DMT control clear graft 1 0.6 0.223 −0.5 2

Active rejection −12* 0.7 0.000 −14 −10

Clear graft Active brejection −13 * 0.7 0.000 −15 −11

Paracentral En/DMT
control

Clear graft −1 0.5 0.249 −2 0.4

Active rejection −18 * 0.6 0.000 −19 −16

Clear graft Active rejection −17 * 0.6 0.000 −18 −15

Peripheral En/DMT
control

Clear graft −2 0.7 0.056 −3 −0.9

Active rejection −21* 0.9 0.000 −23 −19

Clear graft Active rejection −20* 0.9 0.000 −21.6752 −17.4167

*.
The mean difference is significant at the 0.05 level.
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