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Purpose: We define optical coherence tomography (OCT) measurement parameters
of the corneal endothelium/Descemet’s membrane (DM) complex and peripheral
transition zone (TZ) and describe these measurements in an ethnically Chinese
population.

Methods: OCT images of the anterior segment and iridocorneal angle were obtained
from 129 healthy Chinese subjects (129 eyes), aged 40 to 81 years. The scleral spur (SS)
and Schwalbe’s line (SL) were identified in each image. Endothelium/DM diameter,
referred to as endothelial arc length (EAL), is the SL-to-SL distance. The SS-to-SL
distance encompasses the TZ and trabecular meshwork (TM). Since the TZ cannot be
visualized by OCT, a ratio of TZ-to-TZþTM width was calculated from scanning
electron microscopy (SEM) images obtained from 5 cadaveric corneas. The SS-to-SL
distance was multiplied by this ratio to approximate in vivo TZ width.

Results: From SEM measurements, the relationship TZ ¼ 0.20*(TZþTM) was
determined. From OCT measurements, mean EAL was 12.15 6 0.58 mm and mean
TZ width was 156 6 20 lm. For eyes with horizontal and vertical images, vertical EAL
was significantly greater than horizontal EAL (P ¼ 0.03).

Conclusions: Corneal endothelium/DM diameter and TZ width can be obtained from
OCT images. Although only combined TZþTM is visualized on OCT, TZ width can be
reasonably approximated.

Translational Relevance: Emerging procedures, like endothelial cell injection and DM
transplantation (DMT), require accurate measurements of endothelium/DM size for
preoperative planning. Size of the TZ, which may contain progenitor cells, also could
contribute to endothelial regeneration in these procedures.

Introduction

The corneal endothelium is a single cell layer that
lines the innermost surface of the posterior cornea
and regulates corneal hydration.1 Corneal endothelial
dystrophies, infections, inflammation, or traumatic
insults can cause the human corneal endothelial cell
(HCEnC) density to fall below a critical threshold of

500 to 1000 cells/mm2, with subsequent corneal

edema and blindness.2,3 Currently, the only therapy

for endothelial dysfunction is allogeneic transplanta-

tion, using either a full-thickness corneal graft, that is,

penetrating keratoplasty (PK), or a partial-thickness

endothelial graft, that is, Descemet’s stripping auto-

mated endothelial keratoplasty (DSAEK) and Desce-

met’s membrane (DM) endothelial keratoplasty
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(DMEK).4–6 However, reported successes of desce-
metorhexis without endothelial keratoplasty (DWEK)
and DM transplantation (DMT) procedures that
involve DM removal without endothelial graft
transplantation, as well as DM endothelial transfer
(DMET) in which a nonadherent endothelial graft is
inserted into the anterior chamber, imply that host
cells can contribute to native endothelial regenera-
tion.7–12 Recent identification of potential endothelial
progenitor cells, particularly in the peripheral transi-
tion zone (TZ), supports the hypothesis that cell
migration from the periphery contributes to this
spontaneous regeneration.13,14 For patients with a
large diameter endothelium/DM complex, the in-
creased migration distance between the peripheral
progenitor cells and central defects could limit the
potential regenerative response. However, a larger
endothelium/DM complex, containing a greater
absolute number of HCEnCs, could decrease the
amount of cell spreading needed to cover a central
defect and mitigate loss of functional reserve.15 Due
to migration distance and functional reserve, host
endothelium/DM size and the amount removed in
DMET/DWEK/DMT may influence the regenerative
response from these procedures;12 hence, discrepan-
cies in native host endothelium/DM size might
partially explain why DMET/DWEK only achieve
satisfactory visual recovery in a subset of pa-
tients.12,16,17 Additionally, cellular therapies, such as
intracameral HCEnC injection, are emerging as
potential clinical alternatives to corneal transplanta-
tion (Ong, et al. IOVS. 2017;58:ARVO E-Abstract
1476).18–20 A portion of the host endothelium must be
cleared before injection to facilitate attachment of
injected cells to the native DM, and determination of
the amount of endothelium to be removed will require
knowledge of the endothelium/DM size.12,21 As such,
it would be beneficial to identify an accurate in vivo
measurement parameter of the host endothelium/DM
complex. Furthermore, to this point the TZ has been
characterized only in vitro, via scanning electron
microscopy (SEM)22 or immunostaining.13,23 The
ability to measure this region in vivo would enable
clinicians to improve our understanding of TZ
functionality.

Measurement of the corneal endothelium requires
an understanding of the additional structures located
on the posterior cornea (Fig. 1). The posterior corneal
surface, from center to periphery, consists of the
following regions: (1) central endothelium; (2) pe-
ripheral endothelium, including a 0.2-mm wide region
termed the extreme peripheral endothelium;23 (3)

Schwalbe’s line (SL), defined as the terminal edge of
the endothelium and DM; (4) transition zone, also
known as the smooth zone or Zone S, previously
defined as a smooth region without endothelium or
trabecular meshwork (TM) fibers;22,24,25 (5) TM; and
(6) the scleral spur (SS), a scleral protrusion in the
anterior chamber. Of note, the TZ sometimes is
referenced in the literature as Schwalbe’s line; we
define Schwalbe’s line only as the DM edge, while the
adjacent 40 to 200 lm region is the TZ.22,23

High resolution posterior corneal surface measure-
ments can be achieved using anterior segment optical
coherence tomography(AS-OCT)26 in combination
with iridocorneal angle visualization using swept
source OCT (SS-OCT).27,28 Prior studies have quan-
tified the posterior cornea using the posterior corneal
arc length (PCAL) parameter, defined as the distance
between scleral spurs.26,29,30 Since this measure
includes the TZ and TM width as described above,
PCAL overestimates endothelium/DM size. Addi-
tionally, quantification of the TM often defines TM
width as the distance from SS to SL,27,31,32 a measure
that also includes TZ width. As such, we propose
modifying posterior corneal OCT measurements by
splitting the SS-to-SL distance into TZ and TM
terms, while quantifying endothelium/DM size with
the new parameter endothelial arc length (EAL),
defined as the SL-to-SL distance. Since the TZ alone
cannot be visualized using current OCT technology,
in this study we used SEM images taken from five
corneoscleral rims to define a ratio of TZ-to-TZþTM
width, which in turn can be used with SS-to-SL
measurements to approximate in vivo TZ width. Our
aim was to describe these measurements of TZ and
EAL in a sample of Chinese subjects and investigate
structural factors influencing these parameters.

Methods

Corneoscleral Rim Imaging

All research-grade human cadaver corneal tissues,
procured for this study through Lions Eye Institute
for Transplant (Tampa, FL) and Research and
Miracles in Sight (Winston-Salem, NC), were ob-
tained with informed consent from the next of kin of
all deceased donors regarding eye donation for
research, and adhered to the principles outlined in
the Declaration of Helsinki. A total of five pairs of
donor corneal tissues ranging from 51 to 62 years old
were procured. Corneoscleral tissues were preserved
in Optisol-GS (Bausch & Lomb, Rochester, NY) at
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48C until they were processed, usually within 14 days
of preservation.

Corneas were prepared for SEM as described
previously.33 Briefly, corneoscleral rims were fixed in
neutral buffered 2% glutaraldehyde (Electron Micros-
copy Sciences, Hatfield, PA) at 48C for 4 hours. After
rinses, they were cut into segments and postfixed in
aqueous solution of 1% osmium tetroxide at room
temperature for 1 hour. The samples were dehydrated
under an increasing alcohol gradient, critical point
dried (BALTEC, Balzer, Liechtenstein) and mounted
onto a metal stub using carbon adhesive tabs.
Samples then were sputter-coated for 160 seconds
with a 22-nm layer of gold-palladium alloy (BAL-
TEC), and examined under a scanning electron
microscope (Quanta 650FEG; FEI, Hillsboro, OR).

SEM Image Analysis

For each segment of corneoscleral rim, image
analysis involved manual tracing of the TM area and
TZ area using ImageJ (National Institutes of Health,
Bethesda, MD). The TZ was defined anteriorly by the
border of polygonal endothelium and posteriorly by
the uveal bands of the TM (Fig. 1). The TM was
defined posteriorly by a raised portion of sclera and
anteriorly by the smooth TZ. For multiple sections
within each cut segment, an arc length was measured

from a curve drawn between the TM and TZ. The TZ
and TM width for each section was determined by
dividing each respective area by the arc length (Fig.
2). Measurements were conducted by a single
examiner (SW). Intraobserver measurement repro-
ducibility was assessed using a subset of three corneas.
Width values were averaged to create a single mean
TM and TZ width data point for each cut segment.
The TZ:(TZþTM) width ratio used to approximate in
vivo TZ width was determined from a linear
regression analysis of these data points.

OCT Data Acquisition

The SS-OCT (CASIA SS-1000; Tomey Corpora-
tion, Nagoya, Japan) images were obtained from a
prior study performed by Tun et al.27 The study had
the approval of the institutional review board of the
Singapore Eye Research Institute (CIRB# 2010/297/
A), and adhered to the tenets of the Declaration of
Helsinki. Written informed consent was obtained
from all subjects. Briefly, of 160 subjects recruited
from clinics at Singapore National Eye Centre, 19
were excluded from the original study due to
incomplete/poor quality imaging SS-OCT data or
non-Chinese ethnicity. From the remaining 141
subjects, an additional 12 were excluded from our
study for incomplete AS-OCT image data, such that

Figure 1. SEM images depicting the structures of interest in the peripheral posterior cornea. The TZ is a relatively smooth area bounded
by uveal bands of the TM and polygonal cells of the corneal endothelium.
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129 eyes were included in the final analysis. All
subjects underwent a standardized examination,
including measurement of visual acuity, anterior
segment evaluation with AS-OCT (Visante; Carl Zeiss
Meditec, Dublin, CA), slit-lamp biomicroscopy, and
Goldmann applanation tonometry. In addition to
standard anterior segment OCT, one randomly
selected eye was imaged with the three-dimensional
(3D)-angle high definition scan protocol of the SS-
OCT to obtain sufficiently high resolution images to
identify SL and SS.

A customized software based on ImageJ (Anterior
Segment Analysis Program [ASAP]) was used to
assess iridocorneal angle structures from the high
definition SS-OCT images. After the observer marked
the location of the scleral spur and Schwalbe’s line,
ASAP automatically measured the SS-to-SL distance
(Fig. 3). The Zhongshan Assessment Program (ZAP)
was used as described previously30 to analyze the AS-
OCT images for determination of central corneal
thickness (CCT), anterior chamber depth (ACD),
anterior and posterior corneal curvatures (ACC and

PCC), and PCAL. The parameters are defined as
such: PCAL is the posterior corneal arc distance
between scleral spurs, ACC and PCC are the radius of
curvature of the anterior and posterior corneal
surfaces, respectively. CCT is the perpendicular
distance between the anterior and posterior central
corneal surfaces, and ACD is the distance from the
vertex of the posterior corneal surface to the anterior
surface of the crystalline lens (Fig. 3).26

Parameter Calculations

TZþTM width was defined as the SS-to-SL
distance, previously described as solely TM width.27

EAL was defined as the SL-to-SL distance, and
calculated by subtracting the TZþTM width from
PCAL. Nasal and temporal TZþTM values were
subtracted from horizontal PCALs, and similarly,
superior and inferior TZþTM were subtracted from
vertical PCALs. Since the TZ cannot be directly
visualized from the OCT images, TZ width was
approximated by multiplying the SS-to-SL distance
by the TZ:(TZþTM) width ratio, as determined from
our SEM analysis.

Statistical Analysis

Continuous variables were described as mean and
standard deviation (SD). Intraobserver reproducibil-
ity for in vitro TZ and TM width measurement was
assessed using Bland-Altman analysis. We used
simple linear regression to determine the width ratio
between in vitro TZ and TZþTM, and multiple linear
regression to assess the relationship of EAL with age,
sex, intraocular pressure, and anterior chamber
parameters (ACD, PCC, ACC, and CCT). Variance
inflation factor (VIF) was calculated to assess for
potential multicollinearity among the independent
variables. Residual plots of the multiple regression
models were examined to assess for normality and
constant variance. Adjusted R2 was calculated to
evaluate adequacy of multiple regression models.
After checking for normality assumptions of the
continuous variables via histogram inspection and
Shapiro-Wilk tests, we used a paired sample 2-tailed t-
test to compare vertical and horizontal EAL within
the same eye. P , 0.05 was considered statistically
significant. All statistical analyses were performed
using the R software package (R version 3.4.2, R
Foundation for Statistical Computing, Vienna, Aus-
tria) and Excel software (Microsoft Corp., Redmond,
WA).

Figure 2. Measurement technique for TZ and TM width. (A) TM
and TZ areas were traced in ImageJ, and widths were calculated by
dividing the areas by the arc length. (B) All width values measured
within each cut segment were averaged to generate a single data
point.
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Results

TZ/TM Analysis

A total of five corneoscleral rims, divided into 36
segments, were analyzed. An annotated version of the
corneoscleral rim, illustrating the relevant peripheral
corneal structures, is depicted in Figure 1. Mean TZ,
TM, and TZþTM widths were 135 6 46 (range, 83–
269), 548 6 110 (range, 367–776), and 683 6 138
(range, 490–999) lm, respectively. Mean differences
for intraobserver reproducibility for TZ and TM
widths were 2.1 (�21.6, 25.8; 95% confidence interval
[CI] limits of agreement) and 0.4 (�33.0, 33.8, 95% CI
limits of agreement), lm, respectively. Linear regres-
sion analysis of these data yielded the equation TZ¼

0.20*(TZ þ TM) (R2 ¼ 0.49), which was used to
calculate in vivo TZ width from OCT SL to SS
distances (Fig. 4).

OCT Analysis

Of the 129 subjects analyzed, average age was 59.3
6 9.1 years (range, 40–81) and 64% (82/129) were
female. Figure 3 depicts an example measurement of
EAL and the TZþTM width on OCT images. Mean
anterior chamber parameters for horizontal and
vertical AS-OCT images are detailed in Table 1.

Overall mean EAL was 12.15 6 0.58 mm (range,
9.91–13.54). Horizontal and vertical EALs were 12.14
6 0.53 (range, 10.86–13.35) and 12.19 6 0.73 (range,
9.91–13.55) mm, respectively (Table 2). For the subset
of 41 eyes with horizontal and vertical measurements

Figure 3. Corneal measurements obtained from OCT images. (A) ACC, PCC, PCAL, CCT, and ACD were measured automatically from AS-
OCT images using the Zhongshan Assessment Program. (B) The TZþTM distance was measured on high resolution SS-OCT images, and
EAL was calculated by subtracting the TZþTM distance from the PCAL. A user must manually identify the SS and SL in each image.
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in the same eye, vertical EALs (12.19 6 0.74 mm;

range, 9.91–13.55) were significantly longer compared

to horizontal EALs (12.01 6 0.52 mm, P ¼ 0.03;

range, 10.86–13.08). Using multiple linear regression,

we determined that ACD, PCC, and ACC are

significant determinants of horizontal and vertical

EAL (Tables 3, 4). The distribution of residuals

followed the normality assumption, and errors

Figure 4. Approximation of TZ width from the combined TZ and TM width. Using measurements from SEM images of cadaveric
corneas, TZ width is approximately 20% of combined TZþTM width. This can be applied to in vivo OCT images, since the scleral spur to
Schwalbes’ line length is equivalent to TZþTM.

Table 1. ZAP Measurements of Anterior Chamber Parameters

Characteristics n

Corneal Parameters

PCAL mm,
Mean 6 SD

PCC mm,
Mean 6 SD

CCT lm,
Mean 6 SD

ACD mm,
Mean 6 SD

ACC mm,
Mean 6 SD

Horizontal
All persons 128 13.59 6 0.52 6.45 6 0.35 569.90 6 34.98 2.59 6 0.42 7.17 6 0.42

Age
40–49 24 13.32 6 0.54 6.55 6 0.32 565.83 6 33.87 2.86 6 0.37 7.32 6 0.41
50–59 45 13.72 6 0.48 6.45 6 0.39 575.96 6 31.33 2.60 6 0.39 7.16 6 0.47
60–69 43 13.54 6 0.52 6.40 6 0.30 565.34 6 35.35 2.53 6 0.42 7.09 6 0.30
�70 16 13.75 6 0.41 6.46 6 0.42 571.04 6 44.97 2.31 6 0.35 7.22 6 0.53

Sex
Male 47 13.63 6 0.50 6.48 6 0.33 569.87 6 34.30 2.54 6 0.43 7.21 6 0.32
Female 81 13.56 6 0.52 6.44 6 0.36 569.88 6 35.58 2.62 6 0.41 7.15 6 0.47

Vertical
All persons 42 13.83 6 0.77 6.31 6 0.26 563.67 6 37.30 2.55 6 0.54 7.25 6 0.38

Age
40–49 5 14.60 6 0.60 6.36 6 0.27 542.24 6 47.77 3.25 6 0.35 7.23 6 0.35
50–59 8 13.92 6 0.54 6.21 6 0.24 587.86 6 31.77 2.60 6 0.53 7.22 6 0.42
60–69 19 13.76 6 0.80 6.34 6 0.29 554.69 6 34.44 2.50 6 0.52 7.29 6 0.45
�70 10 13.50 6 0.74 6.31 6 0.21 572.08 6 33.83 2.25 6 0.38 7.19 6 0.25

Sex
Male 24 13.92 6 0.77 6.38 6 0.28 562.73 6 31.24 2.52 6 0.52 7.33 6 0.33
Female 18 13.71 6 0.77 6.22 6 0.20 564.92 6 45.09 2.59 6 0.57 7.13 6 0.44
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displayed constant variance upon inspection of the
residual versus predicted values plot. For horizontal
and vertical EAL, the most important variables were
ACD (b ¼ 0.66, P , 0.001 and b ¼ 0.94, P , 0.001,
respectively) and PCC (b ¼ 0.70, P , 0.001 and b ¼
1.48, P ¼ 0.004, respectively). No significant multi-
collinearity (VIF , 5) was observed (Tables 3, 4).
From these models we were able to explain 34.8% of
horizontal and 64.1% of vertical EAL variability
based on adjusted R2 values.

Mean SS-to-SL distance was 781 6 98 lm and
mean TZ width, calculated using the TZ:(TZþTM)
ratio of 0.20, was 156 6 20 lm. TZ width in the

superior and inferior quadrants was 158 6 27 and 178
6 28 lm, respectively, while the nasal and temporal
quadrant widths were 143 6 27 and 145 6 24 lm,
respectively.

Discussion

Endothelial Arc Length

Using OCT images from a sample of healthy
Chinese subjects, we found the average EAL to be
12.15 6 0.58 mm (range, 9.91–13.54), with vertical
EAL values significantly greater than horizontal EAL
values in the same eye. This is unexpected, as the
horizontal distance typically is greater than vertical
distance for conventional anterior corneal measure-
ments.34 Horizontal and vertical EAL demonstrated a
significant correlation with ACD, PCC, and ACC,
which is consistent with prior reports of ACD and
PCC as determinants of PCAL.26 Despite these
identified predictor parameters, there remains signif-
icant unexplained variability in horizontal (adjusted
R2 ¼ 0.348) and vertical (adjusted R2 ¼ 0.641) EAL,
which may be clarified through future studies using
additional anterior chamber parameters and patient
data. Furthermore, this is a small sample of 129 eyes,
so larger population-based studies will be necessary to
validate these trends. Differences in EAL between
ethnic groups also should be investigated, as ethnicity
has been reported previously to contribute to
variability in PCAL, PCC, and anterior chamber
area.26,35

Knowledge of endothelium/DM size may be useful
for optimization of emerging therapies, such as
DMET/DWEK/DMT and cellular injection. It re-
mains unclear why DMET and DWEK only stimulate
endothelial regeneration and corneal clearance in
certain patients.9,12,16,17 However, DMET has been

Table 2. EAL Measurements

Characteristics n Mean (mm) 6 SD

Horizontal
All persons 128 12.14 6 0.53
Age

40–49 24 12.12 6 0.59
50–59 45 12.21 6 0.51
60–69 43 12.13 6 0.49
�70 16 12.05 6 0.63

Sex
Male 47 12.18 6 0.49
Female 81 12.12 6 0.55

Vertical
All persons 42 12.19 6 0.73
Age

40–49 5 12.90 6 0.60
50–59 8 12.22 6 0.56
60–69 19 12.10 6 0.80
�70 10 11.97 6 0.63

Sex
Male 24 12.20 6 0.75
Female 18 12.16 6 0.72

Table 3. Multiple Linear Regression Analysis of Horizontal EAL

Variable Regression Coefficient (b) 95% CI P Value VIF

ACD (mm) 0.66 (0.46, 0.86) ,0.001* 1.2
PCC (mm) 0.70 (0.36, 1.04) ,0.001* 2.5
ACC (mm) �0.36 (�0.64, �0.08) 0.014* 2.5
CCT (lm) 0.00 (�0.002, 0.003) 0.973 1.1
Female sex �0.07 (�0.23, 0.09) 0.381 1.0
Age (yrs) 0.01 (0.00, 0.02) 0.062 1.3
IOP (mm Hg) 0.00 (�0.03, 0.03) 0.901 1.1

IOP, intraocular pressure.
* P , 0.05.
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reported to produce corneal clearance at a greater rate
in patients with Fuchs endothelial corneal dystrophy
(FECD) than those with bullous keratopathy.16 It
may be that diffuse endothelial damage in bullous
keratopathy injures the peripheral HCEnCs, which
would normally stimulate a regenerative response,
while this peripheral region is spared in FECD.12,36

As such, individuals with a larger EAL may possess a
greater number of peripheral HCEnCs, which in turn
stimulate regeneration of the corneal endothelium
after DMET/DWEK/DMT. With preoperative
knowledge of a patient’s endothelium/DM complex
size, clinicians could tailor the size and shape of the
DMET/DWEK/DMT descemetorhexis to preserve a
consistent amount of peripheral HCEnCs. For
example, if a patient has a significantly larger vertical
EAL, an oval descemetorhexis with an elongated
vertical axis and shortened horizontal axis would be
used. This approach would preserve HCEnCs along
the smaller endothelial/DM axis, hopefully preventing
exhaustion of the regenerative response. Similarly,
quadrants with a larger TZ may be able to provide
more progenitor cells for endothelial regeneration. An
analogous situation exists with therapeutic HCEnC
injection, which will require removal of central
endothelium using a scraping technique to make
room on the host DM for injected cells.21 Studies of
cell injection in felines have shown that scraping a
larger segment of host endothelium is correlated with
significantly worse outcomes, while eyes with smaller
scraped areas demonstrated recovery even without
injection of cells.37 Similar to DMET/DWEK/DMT,
eyes with a larger EAL may possess more HCEnCs
capable of stimulating regeneration at the edges of the
scraped endothelial wound; therefore, host EAL may
influence the optimal amount of endothelium to be
removed. Determination of the optimal endothelial
scraping area would be of significant clinical interest,
as excessive removal of host endothelium would

require an increase in the number of injected cells
and might dampen any native regenerative response,
while removal of too little endothelium could prevent
adhesion of sufficient exogenous HCEnCs.12 Further-
more, the variability in native endothelium/DM
complex diameter could explain why the critical
threshold for HCEnC density spans a wide range
from 500 to 1000 cells/mm2.2,3,38 Individuals with a
larger endothelium/DM diameter may have excess
reserve pump functionality that permits a lower
HCEnC density before corneal edema occurs. Further
clinical investigation is required to investigate each of
these hypotheses.

Currently, host endothelium/DM size is deter-
mined using white-to-white diameter29 or PCAL.26

These parameters can lead to overestimation, while
EAL yields an improved measurement by eliminating
contributions from iridocorneal angle structures.
Additionally, endothelial arc length determination
from OCT data requires only user identification of
Schwalbe’s line and the scleral spur, both of which
usually are visible in .95% images with current OCT
technology.26,27

TZ Width

Using SEM images of cadaveric corneoscleral
rims, we were able to identify and measure the TZ
and TM. Since only the combined TM and TZ can be
visualized from OCT images, it was necessary to use
these in vitro data to develop a ratio between TZ and
TZþTM width. From an in vitro TZ width of 135 6

46 lm and a TM width of 548 6 110 lm, we arrived
at a TZ:(TZþTM) width ratio of 0.20 (Fig. 4).
Applying this equation to the TZþTM OCT mea-
surements yielded a mean in vivo TZ width of 156 6

20 lm. Our approximation of in vivo TZ width
operates under the assumption that the TZ is located
just peripheral to SL as seen in OCT images. This
assumption is supported by prior work by Breazzano

Table 4. Multiple Linear Regression Analysis of Vertical EAL

Variable Regression Coefficient (b) 95% CI P Value VIF

ACD (mm) 0.94 (0.61, 1.28) ,0.001* 1.7
PCC (mm) 1.48 (0.52, 2.43) 0.004* 3.1
ACC (mm) �0.66 (�1.31, �0.01) 0.046* 3.2
CCT (lm) 0.00 (�0.004, 0.003) 0.837 1.1
Female sex 0.00 (�0.28, 0.29) 0.979 1.1
Age (yrs) 0.00 (�0.02, 0.02) 0.977 1.4
IOP (mm Hg) 0.00 (�0.05, 0.05) 0.849 1.1

* P , 0.05.
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et al.22 in which a suture was placed near Schwalbe’s
line under OCT guidance and later examined with
SEM to confirm localization in the TZ. Our in vitro
and in vivo TZ width measurements are slightly
elevated compared to prior measurements of 50 – 150
lm,39 80-130 lm,24 and 79 6 22 lm.22 However, our
in vitro mean TZþTM width of 683 6 138 lm is
similar to our in vivo SS-to-SL distance of 781 6 98
lm as well as previously reported SS-to-SL distances
of 670 6 130,40 732 6 27, and 812 6 13 lm.31 Of
note, ethnicity has not been reported in the earlier in
vitro TZ studies; the observed differences in reported
values could be a result of ethnic variation. In
addition, the study by Breazzano et al.22 demonstrat-
ed significant variability between eyes and between
quadrants in the same eye; widths ranged from ,40 to
.200 lm. This variability underlies the potential
clinical u of in vivo TZ quantification; given that the
TZ is thought to harbor endothelial progenitor
cells,13,25 a larger TZ could be associated with
enhanced endothelial regeneration and an elevated
functional reserve in the setting of endothelial
dysfunction.

Interestingly, prior studies have indicated TZ
width is greatest and least in the superior and inferior
quadrants respectively,22 while TZþTM width is
greatest and least in the inferior and nasal quadrants
respectively.27 Despite our assumptions in approxi-
mating TZ width from OCT data, this likely indicates
that the TZ:(TZþTM) width ratio is not fixed
throughout the cornea. However, since the TZ study
was performed on corneas received from the United
States,22 while the TZþTM measurements were
obtained from an ethnic Chinese population,27 this
difference may partially be a result of ethnic variation.
Our data and the earlier TZ SEM publication22 show
that combined superior/inferior TZ width is greater
than nasal/temporal width. This orientation might
provide UV protection via the eyelids, similar to
corneal limbal epithelial stem cells which also are
most abundant in the superior and inferior lim-
bus.41,42 Furthermore, since we have determined that
vertical EAL is greater than horizontal EAL, the
enlarged vertical TZ segments may reflect the need for
a larger progenitor population to migrate across a
greater endothelial distance. This finding could hold
particular importance with regard to placement of
intraocular shunts used to treat glaucoma; while
shunt tubes and minimally invasive glaucoma surgery
(MIGS) devices are inserted commonly into the
superior quadrant,43,44 such an approach may dam-
age the large superior TZ. Ideally, future refinements

of our TZ approximation method could identify the
quadrant with the largest ratio of TM-to-TZ width,
providing surgeons with maximal room for device
insertion while minimizing risk of endothelial pro-
genitor cell damage.

Since this study aimed only to show that it is
possible to approximate in vivo TZ width, it has
several limitations. As mentioned above, although we
used a single TZ:(TZþTM) ratio to approximate TZ
width from OCT measurements, this ratio is likely
different within each quadrant. Future determination
of TZ:(TZþTM) width ratios in each quadrant using
directionally-oriented corneoscleral rims will be nec-
essary to refine our in vivo TZ approximation
technique. Furthermore, logistical constraints neces-
sitated that we derive our TZ:(TZþTM) width ratio
from United States donor corneas rather than
Chinese donors to match our in vivo population.
Although no information on ethnic differences in TZ
has been reported, TM width and several other
corneal parameters have been shown to vary between
ethnic groups,26,32,35 indicating that these data from
United States corneas may not apply to Chinese
subjects. While our primary goal for this study was to
demonstrate that our approximation technique yields
in vivo TZ width data that is comparable to
previously reported in vitro results, future studies
will require ethnicity-matched donor corneas and
OCT subjects to determine whether TZ width varies
with ethnicity. Additionally, SEM analysis using a
larger sample size of cadaveric corneas will be
necessary to validate the TZ:(TZþTM) width ratio
from this initial study. Ultimately, our indirect
approximation technique is inferior to direct in vivo
measurement of the TZ. Processing of the corneal
samples, including dissection of the rims into seg-
ments and chemical fixation, could potentially alter
the relevant microanatomy. Cellular boundary retrac-
tion in response to SEM processing has been
described previously,45 and may result in underesti-
mation of the cellular TZ width compared to the
collagenous TM. However, with the resolution of
current OCT images, the TZ borders cannot be
directly identified in vivo. In the future, development
of ultrahigh-resolution ‘micro-OCT,’ which is capable
of distinguishing individual endothelial cells,46 may
allow for TZ measurement without the need for
approximation. Alternatively, wide-field specular
microscopy has demonstrated the ability to acquire
high resolution images of the corneal periphery.47,48

However, since it is unclear if wide-field specular
microscopy can feasibly acquire images peripheral to
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Schwalbes’ line, and micro-OCT has not been
adapted for human use in vivo, our TZ approxima-
tion method is the best available technique to
facilitate a larger scale clinical study that will be
necessary to investigate potential correlations between
the TZ size and endothelial regeneration.

In conclusion, we applied simple manipulations to
existing anterior segment OCT measurements to
measure the corneal endothelium/DM and peripher-
ally-located TZ. Endothelial/DM complex size, as
determined by EAL, was correlated with anterior
chamber depth as well as anterior and posterior
corneal curvature. Preoperative determination of a
patient’s EAL may assist clinicians in optimization of
DM/endothelium removal as part of emerging proce-
dures, such as DMT/DWEK and intracameral cell
injection. As our understanding of peripheral endo-
thelial progenitor cells advances, measurements of TZ
width also may gain clinical relevance. Future studies,
using a larger number of corneoscleral rims that are
ethnically matched and directionally oriented will be
necessary to refine this approach.
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