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Border Tissue Morphology Is Spatially
Associated with Focal Lamina Cribrosa Defect
and Deep-Layer Microvasculature Dropout in

Open-Angle Glaucoma
JONG CHUL HAN, JAE HWAN CHOI, DO YOUNG PARK, EUN JUNG LEE, AND CHANGWON KEE
� PURPOSE: To investigate the topographic relationship
among focal lamina cribrosa (LC) defect, microvascula-
ture dropout (MvD) and border tissue morphology in
open angle glaucoma (OAG) eyes using spectral-domain
(SD) optical coherence tomography (OCT) and OCT
angiography.
� DESIGN: Cross-sectional study.
� METHODS: One hundred twenty-six OAG eyes and 97
normal eyes were included. The maximum externally
oblique border tissue (EOBT) length was measured by us-
ing enhanced depth imaging SD-OCT as well as focal LC
defect size. Circumferential MvD width and height ratio
were measured using OCT angiography.
� RESULTS: Significant correlations were found among
the locations of focal LC defect, MvD and maximum
EOBT length. The mean absolute locational difference
was 29.18 (95% CI, L47.6 to 105.7) between focal LC
defect andMvD, 10.08 (95%CI,L79.4 to 99.4) between
focal LC defect and maximum EOBT length, and 10.68

(95% CI, L71.1 to 92.3) between MvD and maximum
EOBT length. In multivariate logistic regression analysis,
a worse VF defect was significantly associated with the
presence of focal LC defects and MvDs (P < .002; P
[ .002, respectively). MvD circumferential width was
associated with glaucoma severity (R [ L0.66, P <
.001), whereas focal LC defect size and MvD height ratio
were associated with maximum EOBT length (R[ 0.48,
P < .001; R [ 0.65, P < .001, respectively) and AL
(R [ 0.53, P < .001; R [ 0.52, P < .001, respec-
tively).
� CONCLUSIONS: There was a topographical correlation
among the locations of focal LC defect, MvD and
maximum border length. In addition, the presence of focal
LC defect and MvD were also strongly associated with
glaucoma severity. Thus, it is thought that focal LC
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defect and MvD may be biomarkers that reflect glaucoma
severity especially at the location of maximum border tis-
sue elongation. (Am J Ophthalmol 2019;203:89–102.
� 2019 Elsevier Inc. All rights reserved.)

T
HEOPTICNERVEHEAD (ONH) IS A KEY STRUCTURE IN

glaucoma pathogenesis.1 Glaucomatous ONH has
characteristic features such as optic disc notching

and thinning, and consistent retinal nerve fiber layer
(RNFL) defect and a visual field (VF) defect pattern.2,3

In addition, glaucomatous features such as RNFL defects
and disc hemorrhages are usually found first in the
inferotemporal area and then in the superotemporal
area.3–5 Quigley and associates6 showed that larger lamina
cribrosa (LC) pores in the inferotemporal and superotem-
poral areas may be why regional differences in vulnerability
exist under the same intraocular pressure (IOP) in the same
eye,6 but there is no clear explanation for this to date.
Advances in imaging devices such as optical coherence

tomography (OCT) have allowed detailed visualization of
deep ONH structural characteristics including border tis-
sue and Bruch’s membrane. In a previous study, various
border tissue shapes were observed in different ONH
regions.7 Border tissues were obliquely located internally
or externally at the ONH margin. Furthermore, in glau-
comatous eyes, an externally oblique border feature was
usually found in the inferotemporal ONH area.7 A recent
cohort study proved that, with axial elongation, internally
oblique border tissue changed into externally oblique
border tissue with border tissue elongation and sometimes
into g-zone parapapillary atrophy (PPA).8 Thus, it is likely
that axial elongation accompanies border tissue elonga-
tion. Recent studies by the present authors found that the
location of maximum externally oblique border tissue
(EOBT) length was consistent with RNFL defect location
in myopic open-angle glaucoma (OAG)9 and also VF
defect location in OAG.10

The focal LC defect is known to be associated with glau-
coma. The presence of a focal LC defect is also associated
with glaucoma severity.11 It was frequently found in the in-
ferotemporal area in glaucomatous eyes.12–14 OCT
angiography revealed microvasculature dropout (MvD) in
border tissue and parapapillary choroid in glaucomatous
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eyes.15,16 MvD was not only associated with glaucoma
severity17–19 it was also located in the inferotemporal
ONH area in OAG eyes.15,17,20 Interestingly, focal LC
defect location was topographically associated with MvD
location.17 Additionally, focal LC defect and MvD were
associated with PPA in glaucomatous eyes. The presence
of focal LC defect was associated with larger PPA21,22

and focal LC defects usually located at the maximum
PPA direction in glaucomatous eyes with myopia.21 MvD
was also associated with PPA in glaucomatous
eyes.15,17,23 MvD was usually found within the PPA area
in the direction of glaucomatous RNFL or VF
defects.18,19 Therefore, the present authors hypothesized
that both focal LC defects and MvD may be influenced
by underlying ONH shape, such as border tissue
configuration with axial elongation.

To prove this hypothesis, it was first determined whether
there was a topographic relationship among border tissue
shape, focal LC defect, and MvD in OAG eyes. Second,
the presence, size, and number of focal LC defects and
MvD were addressed to identify whether they were associ-
ated with glaucoma severity, axial length (AL), and
maximum EOBT length in OAG eyes. In determining
MvD size, MvD circumferential width and height were
measured separately.
METHODS

THIS STUDY WAS CROSS-SECTIONAL, AND SUBJECTS

consisted of patients with OAG and normal controls who
visited Samsung Medical Center (Seoul, South Korea) for
their first ophthalmic examination, between January
2017 and December 2017. This study followed all guide-
lines for experimental investigation in human subjects,
was approved by the SamsungMedical Center Institutional
Review Board, and adhered to the tenets of the Declaration
of Helsinki.

Each participant underwent a comprehensive
ophthalmic examination, including slit-lamp bio-
microscopy, Goldmann applanation tonometry, manifest
refraction, gonioscopic examination, dilated stereoscopic
examination of the ONH, color and red-free fundus
photography (TRC-50DXmodel; TopconMedical System,
Inc., Oakland, New Jersey, USA), automated perimetry us-
ing a central 30-2 Humphrey field analyzer (HFA model
640; Humphrey Instruments, Inc., San Leandro, California,
USA) with the Swedish interactive threshold algorithm
standard, AL measurement (intraocular lens master; Carl
Zeiss Meditec, Jena, Germany), and ultrasonographic
pachymetry (Tomey SP-3000; Tomey Ltd., Nagoya,
Japan). The extent of the VF defect was measured using
mean deviation and pattern standard deviation. Reliable
VF analysis was defined as a false-negative rate of <15%,
a false-positive rate of <15%, and a fixation loss of
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<20%. IOPs were measured at the first and second visits
without IOP-lowering medications, and average IOP
values were used in the analysis.
The following criteria were required for the diagnosis of

OAG. First, the presence of glaucomatous optic disc
changes, such as increased cupping (vertical cup-to-disc ra-
tio >0.7), diffuse or focal neural rim thinning; disc hemor-
rhage, or RNFL defects at the time of diagnosis, including
second glaucomatous VF defects positive by more than 1
reliable test for at least 2 of the following 3 criteria: (1) a
cluster of 3 points with a probability less than 5% on the
pattern deviation map in at least 1 hemifield, including
at least 1 point with a probability less than 1% or a cluster
of 2 points with a probability less than 1%; (2) a glaucoma
hemifield test result outside normal limits; or (3) a pattern
standard deviation of 95% outside the normal limits: third,
an open angle on gonioscopic examination confirmed to
have no identified causes of secondary glaucoma present.
To determine the dominant location of involvement, supe-
rior and inferior average hemifield values were calculated
(26 points in each hemifield) in a pattern deviation plot.
When 1 hemifield had a greater absolute value, it was
regarded as the dominant VF defect location. Glaucoma
severity was arbitrarily divided into very-early, indicating
a mean deviation of more than �2 dB; early, �6 dB, less
than mean deviation of <_�2 dB; moderate, �12 dB <
mean deviation of <_�6 dB; and severe, mean deviation
of <_�12 dB. OAG with a severe VF defect was regarded
as advanced glaucoma. If the patient had OAG in both
eyes, one eye was randomly selected for assessment. If the
patient had OAG in one eye, then the patient was assigned
to one of the OAG groups, and the affected glaucoma eye
was used for the assessment.
Normal eyes with open angles on gonioscopic examina-

tion and without glaucomatous optic disc or VF changes
and with an IOP <_21 mm Hg were used as normal control
subjects. Normal control subjects were selected from the
participants who had normal features in both eyes, and
one eye was randomly selected for use in the analysis.
Exclusion criteria included eyes with medium opacities,

such as a corneal or vitreous opacity, cataract, and systemic
disease or ocular diseases that could affect VF test results.
Eyes with mean deviation less than �25 dB and AL
>30 mm were also excluded.

� MEASUREMENT OF FOCAL LAMINA CRIBROSA DEFECTS
AND MAXIMUM EXTERNALLY OBLIQUE BORDER TISSUE
LENGTH: Enhanced depth imaging (EDI) spectral-
domain OCT (Heidelberg Engineering, Heidelberg, Ger-
many) with built-in software was used to investigate focal
LC defect and to measure maximum EOBT length. The
value of corneal curvature was entered into the OCT sys-
tem before EDI scanning to remove magnification error.
Scans were performed in automatic real-time mode, which
uses multiple line acquisition to reduce noise. EDI scans
were obtained using 48 radial-line B-scans (each at an
JULY 2019OPHTHALMOLOGY



FIGURE1. Measurement of a focal lamina cribrosa (LC) defect, a microvasculature dropout (MvD), and an externally oblique border
tissue (EOBT) length. (A and B) An EDI spectral-domain OCT scan shows deep optic nerve head structures including LC and Elsch-
nig’s border tissue. Border tissue length was defined as the length between Bruch’s membrane opening (BMO) (green dot) and the
inner endpoint of border tissue (red dot). A focal LC defect is observed in the peripheral LC region (red arrow). (C) The angular
location of the parameters was measured using the fovea-BMO axis connecting the fovea and the center of BMO (blue line). If
the parameter was located below the fovea-BMO axis, it was regarded as inferior (yellow arrow). Otherwise, it was regarded as su-
perior. (D and E) OCT angiography offers en-face images of the deep layer extending from the retinal pigment epithelium to
390 mm below Bruch’s membrane that included the full thickness of the choroid and inner scleral surface. MvD located near the
maximum EOBT location (white dotted area). A line connecting the center of the ONH and each endpoint of the inner margin of
MvD was drawn to measure the circumferential width of MvD (yellow dotted line). The angle between the lines was defined as
the circumferential width of MvD and the midpoint was used as the MvD location (green arrow). (F) MvD height was defined as
the distance between the proximal and distal points of the MvD margin. We used MvD height ratio (MvD height and longest
ONH line [yellow line]) to avoid ocular magnification effect.
angle of 3.75 degrees) centered on the optic disc. Each EDI
scan included an average of 20 OCT frames; every other
section (24 radial EDI scans in total) was selected, as previ-
ously reported.9 OCT machine scaling was adjusted to
1:1 mm before measurement. If the scan section contained
a poor quality OCT image that did not offer interpretable
information with respect to Bruch’s membrane opening
(BMO), border tissue and LC margin due to prelaminar tis-
sue, or overlying vessels, the next image was used. An
unrecognizable image was defined as an image with
<70% of the anterior LC visible or invisible border tissue
morphology due to prelaminar tissue, retinal pigment
epithelium, or overlying vessels. If more than 3 of 24 radial
scans were unrecognizable, the eye was excluded.

Focal LC defect was defined as an anterior lamina surface
irregularity violating the normal smooth curvilinear U- or
W-shaped contour.11,12,21 To avoid false positives, true
defects were required to have had a maximal diameter
>100 mm and a depth >30 mm; and they must also have
been present in 2 neighboring radial line scans.11,12,21

Size criteria were established in previous studies to avoid
false-positive detection of a focal LC defect.11,12 The size
of the LC defect was based on imaging demonstrating the
maximal length of the anterior LC defect surface. The
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line connecting the center of the BMO and the fovea
was defined as the fovea-BMO axis. The angular location
from the fovea-BMO axis was regarded as the focal LC
defect location. Shadows were differentiated from LC
defects by characterizing them as signal voids behind the
vessels and tissues. LC defect margins were independent
of the location of vessels and neural tissues.21

A previous study by the current group defined parameters
reflecting deep ONH structures including BMO or border
tissue and demonstrated that these parameters were corre-
lated with AL.9 Briefly, EOBT length was defined as the
length between the inner end point of the EOBT tissue
and the BMO.9 In the event the border tissue had over-
hanging BM morphology,7 the EOBT was only established
when the inner end point of the EOBT tissue was located
more internally than the BMO.

� MEASUREMENT OF DEEP-LAYER MICROVASCULATURE
DROPOUT: The optic nerve and parapapillary area were
imaged using a commercially available swept-source OCT
angiography device (DRI OCT Triton, Topcon) with a
central wavelength of 1,050 nm, an acquisition speed of
100,000 A-scans per second, and axial and transversal res-
olutions of 7 and 20 mm in tissue, respectively. Scans were
91VD, AND BORDER TISSUE IN OAG



TABLE 1. Baseline Characteristics of Open-Angle Glaucoma and Normal Controls

Parameters Open-Angle Glaucoma (N ¼ 126) Normal Controls (N ¼ 97) P Value

Age (y) 51.2 6 15.4 (21-79) 55.1 6 14.3 (20-80) .057a

Males 78 (61.9) 59 (60.8) .870b

Hypertension 31 (24.6) 25 (25.8) .842b

Diabetes mellitus 13 (10.3) 10 (10.3) .998b

Intraocular pressure (mm Hg) 17.2 6 4.8 (9-36) 15.7 6 3.1 (9-21) .005a

Central corneal thickness (mm) 543.7 6 36.5 (411-648) 550.6 6 34.9 (462-630) .154a

Axial length (mm) 25.5 6 1.8 (22.4–29.3) 24.7 6 1.8 (21.5–29.2) .002a

Visual Field Parameters

Mean deviation (dB) �6.8 6 6.3 (�24.5 to �1.0) �1.4 6 2.1 (�6.4 to 2.4) <.001a

Pattern standard deviation (dB) 7.4 6 4.6 (1.3–17.7) 2.8 6 1.7 (1.2–9.6) <.001a

Superiorly dominant field defect 92 (73.0) -

Advanced glaucoma 20 (15.8) -

Focal lamina cribrosa defect

Presence of LC defect 54 (42.9) 21 (21.6) .001b

Location of focal LC defect (8) 9.4 6 39.2 (�76.9 to 77.5) 7.6 6 35.6 (�53.1 to 75.6) .850a

Inferior/superior location of focal LC defect 37 (68.5)/17 (31.5) 13 (61.9)/8 (38.1) .584b

Multiple LC defect cases 16 (12.7) 1 (1.0) .001b

Microvasculature dropout

Presence of MvD 55 (43.7) 0 <.001b

Location of MvD (8) 39.9 6 36.5 (�74.2 to 82.3)

Inferior/superior location of MvD 47/8 (85.5/14.5) -

Multiple MvDs 8 (6.3) -

Deep optic nerve head parameters

Presence of EOBT 92 (73.0) 63 (64.9) .195b

Location of maximum EOBT length (8) 24.2 6 34.8 (�63.8 to 87.4) 15.5 6 42.3 (�65.6 to 82.5) .177a

Inferior/superior location of maximum EOBT length 71/21 (77.2/22.8) 37/26 (58.7/41.3) .020b

EOBT ¼ externally oblique border tissue; LC ¼ lamina cribrosa; MvD ¼ microvascular dropout.

Data are mean 6 standard deviation (range) or n (%), unless otherwise indicated.

Factors with statistical significance are shown in bold.
aIndependent t test or Mann-Whitney U test.
bChi-square test or Fisher exact test.
taken from 4.5-3 4.5-mm cubes, with each cube consisting
of 320 3 320 pixels, with an averaging function of 4 B-
scans per cube line centered on the optic disc.

Deep-layer microvasculature in the peripapillary area
was evaluated on the en-face images of the peripapillary
deep layer generated on the basis of the automated layer
segmentation performed using OCT instrument software.
The en-face images of the deep layer were derived from
en-face images extending from the retinal pigment epithe-
lium to 390 mm below Bruch’s membrane that included the
full thickness of the choroid and inner scleral surface. The
MvD was noted when the circumferential width of the area
with capillary dropout appeared more than 23 greater than
the width of visible juxtapapillary microvessels with its
border adjoining the optic disc margin.18 The width and
height of each MvD were measured separately, using
ImageJ software (National Institutes of Health, Bethesda,
Maryland, USA). To measure the circumferential width
of the MvD, a line was drawn connecting the ONH center
and each endpoint of the inner margin of the MvD. The
92 AMERICAN JOURNAL OF
angle between the lines was defined as the circumferential
width of MvD. The angular location of the midpoint of the
MvD circumferential width from the fovea-BMO axis was
used as the MvD location. To measure MvD height, a
line was drawn from the disc center to the most distal point
of the MvD margin. The point at which the line met the
inner MvD margin was defined as the proximal point of
the MvD. The distance between the proximal and distal
MvD points was defined as the MvD height (Figure 1).
Because theMvD height could be affected by ocular magni-
fication based on AL, the longest ONH axis was measured
and used as the MvD height-to-length of longest axis ratio.
All OCT B-scan images were required to have an image
quality score >_30 according to the manufacturer’s recom-
mendations. When the images were poor, the eyes were
excluded from analysis.

� DEFINITION OF MULTIPLE FOCAL LAMINA CRIBROSA
DEFECT AND DEEP-LAYER MICROVASCULATURE
DROPOUT: The locations of focal LC defects, MvDs, and
JULY 2019OPHTHALMOLOGY
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maximum EOBT lengths were translated into a binary
classifier. If the focal LC defects, MvDs, and maximum
EOBT lengths were located below the fovea-BMO axis,
the location was regarded as inferior. Otherwise, the loca-
tion of the parameter was classified as superior. If multiple
focal LC defects or MvDs existed, the location of the
larger focal LC defect or MvD circumferential width was
used.

Two independent observers (J.C.H. and J.H.C.),
masked to the study participants’ clinical information,
reviewed the images to determine the presence of focal
LC defects, MvDs, and EOBTs. Discrepancies were
resolved by consensus. The two investigators (J.C.H.
and J.H.C.) measured the size and determined the loca-
tion of the parameters independently, and the averaged
values determined by the 2 investigators were used in
the final analysis.

� DATA ANALYSIS: The independent t-test or Mann-
Whitney U test was used for continuous variables, and
the chi-square test or Fisher exact test was used for cate-
gorical variables. Levene’s test for equality of variances
was also performed. Interobserver agreement in terms of
the presence of focal LC defect and the determination
of EOBT and MvD was evaluated by the calculation of
k coefficients. The interobserver reproducibility of the
size and location of focal LC defect, MvD, and maximum
EOBT length was assessed by calculating the intraclass
correlation coefficient.

Fisher’s exact test and the k test were used to evaluate
location correspondence among the parameters (focal LC
defect, MvD, dominant VF defect, and maximum EOBT
length). ANOVA test and Tukey post hoc analyses were
used to compare the parameters according to VF defect
severity or the presence ofMvD and a focal LC defect. Pear-
son’s correlation was used to assess correlations among
continuous variables, and the correlation coefficient (R)
was calculated. The Bland-Altman method was used to
show themeans relative to differences among the variables.

Univariate and multivariate logistic regression analyses
were performed to identify factors associated with the
presence of MvD and focal LC defect. Factors with a P
value of <.2 on univariate analysis were included in the
multivariate analysis. However, because the presence of
an LC defect was correlated with MvD, these variables
were included in 2 separate multivariate analysis model.
RESULTS

THE PRESENT STUDY INCLUDED 167 OAG EYES FROM 167 PA-

tients with OAG and 112 participants with normal eyes.
Among these eyes, 41 OAG eyes (24.6%) and 15 normal
eyes (13.4%) were excluded because they had poor image
quality (24 OAG eyes and 11 normal eyes), unreliable VF
93D, AND BORDER TISSUE IN OAG



TABLE 4. Locations of Maximum Externally Oblique Border Tissue Length Versus Microvascular Dropout and Focal Lamina Cribrosa
Defect

Maximum Externally Oblique

Border Tissue Length Location

Lamina Cribrosa Defect Location (n ¼ 47) Microvascular Dropout Location (n ¼ 49)

Inferior Superior Total Inferior Superior Total

Inferior 28 6 34 38 3 41

Superior 6 7 13 5 3 8

Total 34 13 47 43 6 49

P ¼.026 k ¼ 0.36, confidence interval, 0.21–0.51 P ¼ .047, k ¼ 0.34, confidence interval, 0.15–0.52

TABLE 3. Relationships Among the Locations of Dominant Visual Field Defect, Focal Lamina Cribrosa Defect, and Microvasculature
Dropout

Dominant Visual

Field Defect

Location

Lamina Cribrosa

Defect Location (n ¼ 54)

Microvascular

Dropout Location (n ¼ 55)

Microvasculature

dropout location

Lamina Cribrosa Defect

Location (n ¼ 35)

Inferior Superior Total Inferior Superior Total Inferior Superior

Inferior 31 9 40 41 4 45 Inferior 23 5 28

Superior 6 8 14 6 4 10 Superior 1 6 7

Total 37 17 54 47 8 55 24 11 35

P ¼ .023, k ¼ 0.32,

confidence interval,

0.18–0.46

P ¼ .029, k ¼ 0.34,

confidence interval,

0.17–0.50

P ¼ .002, k ¼ 0.56,

confidence interval,

0.41–0.71
test results (9 OAG eyes and 3 normal eyes), advanced
glaucoma with mean deviation less than �25 dB (6
OAG eyes), and myopia with AL >30 mm (2 OAG eyes
and 1 normal eye). A total of 126 OAG eyes and 97 normal
eyes were included in the analysis. There were no signifi-
cant differences in age, sex, history of hypertension, history
of diabetes, or central corneal thickness between the OAG
eyes and the normal eyes. However, OAG eyes demon-
strated higher IOP and longer AL than those of normal
control subjects (P ¼ .005 and P ¼ .002, respectively).
VF global indexes, mean deviation, and pattern standard
deviations were significantly different between OAG eyes
and normal control eyes (P < .001 for both parameters).
Among OAG eyes, 92 eyes (73.0%) had superior dominant
field defects, and 20 eyes (15.8%) demonstrated advanced
stage glaucoma. OAG eyes had a significantly higher prev-
alence of LC defects (42.9% vs. 21.6%) and multiple LC
defects (12.7% vs. 1.0%) than normal eyes (P < .001 for
both parameters). The inferior-to-superior ratios of focal
LC defects were not significantly different between the
OAG and the normal eyes. The MvD was found in 55
OAG eyes (43.7%), and multiple MvDs were found in 8
OAG eyes (6.3%). Among OAG eyes with MvDs, the
MvDs were found in inferior locations in 47 eyes
(85.5%). Meanwhile, no MvD was found in normal eyes.
EOBT was found in at least 1 section in 92 OAG eyes
(73.0%) and in 63 normal eyes (64.9%). Maximum
EOBT locations were found more frequently in inferior lo-
94 AMERICAN JOURNAL OF
cations in OAG eyes than in normal eyes (P ¼ .02)
(Table 1).
Interobserver agreement was moderate to strong in terms

of the presence of each parameter (0.778–0.916). Interob-
server reproducibility of the location and the extent of the
parameters was excellent (0.908–0.987) (Table 2).
When the 54 OAG eyes with presence of the focal LC

defect were analyzed, there was a topographical correlation
between the locations of the focal LC defect and the domi-
nant VF defect (k ¼ 0.32; 95% confidence interval [CI],
0.18–0.46; P ¼ .023). Among the 55 OAG eyes with
MvD, there was a topographical correlation between the
locations of the MvD and dominant VF defects (k ¼
0.34; 95% confidence interval [CI], 0.17–0.50; P ¼ .029).
When the 35 OAG eyes affected with both the MvD and
the focal LC defect were analyzed, theMvDwas topograph-
ically associated with the focal LC defect (k ¼ 0.56; 95%
CI, 0.41–0.71; P ¼ .002) (Table 3). Among the 47 OAG
eyes with both EOBT and focal LC defects, focal LC defect
locations were topographically associated with the location
of maximum EOBT length (k ¼ 0.36; 95% CI, 0.21–0.51;
P ¼ .026). When the 49 OAG eyes with both EOBT and
MvD were analyzed, MvD location was consistent with
the location of maximum EOBT length (k ¼ 0.34; 95%
CI, 0.15–0.52; P ¼ .047) (Table 4).
Pearson’s correlation analysis showed that focal LC

defect location was significantly correlated with MvD
location (R ¼ 0.62; P < .001). Focal LC defect location
JULY 2019OPHTHALMOLOGY



TABLE 5. Correlation Analysis Among the Parameters in Open-Angle Glaucoma Patients With Microvasculature Dropout or Focal
Lamina Cribrosa Defect

Parameters MvD Circumferential Width (8 ) MvD Height Ratio Focal LC Defect Size (mm)

Mean deviation of VF (dB)

Pearson coefficient �0.66 �0.02 �0.10

P valuea <.001 .869 .457

Maximum EOBT length (mm)

Pearson coefficient �0.14 0.65 0.48

P valuea .308 < .001 <.001

Axial length (mm)

Pearson coefficient �0.08 0.52 0.53

P valuea .556 <.001 <.001

EOBT ¼ externally oblique border tissue; LC ¼ lamina cribrosa; MvD ¼ microvasculature dropout; VF ¼ visual field.
aFactors with statistical significance are shown in bold.

FIGURE 2. Correlation and agreement among the parameters. In Pearson’s correlation analysis, the focal lamina cribrosa (LC) defect
location was significantly correlated with microvasculature dropout (MvD) location (E) and location of the maximum externally obli-
que border tissue (EOBT) length (C). MvD location was also significantly correlated with the maximum EOBT length location (A).
Bland-Altman plot shows the mean difference between each parameter with the limits of agreement (B, D, F).
was also significantly correlated with maximum EOBT
location (R ¼ 0.31; P ¼ .037). MvD location was signif-
icantly correlated with maximum EOBT length location
(R ¼ 0.33; P ¼ .020). Bland-Altman plots showed that
the mean difference was 26.0 (95% CI, �43.5 to 95.4) be-
tween focal LC defect location and MvD location, 7.3
(95% CI, �72.3 to 86.9) between focal LC defect loca-
tion and maximum EOBT location, and 10.8 (95%
CI, �61.1 to 83.1) between MvD location and maximum
EOBT location (Figure2). The mean deviation value of
the VF defect was significantly correlated with MvD
circumferential width but not with MvD height ratio or
focal LC defect size. Meanwhile, maximum EOBT length
and AL were significantly correlated with MvD height
VOL. 203 ASSOCIATIONS AMONG LC DEFECTS, M
ratio and focal LC defect size but not with MvD circum-
ferential width (Table 5).
When OAG eyes were divided into 4 groups according

to mean deviation values, no significant differences were
found in regard to age, IOP, central corneal thickness,
AL, or the presence of EOBT among the groups. However,
focal LC defect and MvD were found more frequently with
worse mean deviation severity (P ¼ .006 and P < .001,
respectively). Multiple MvDs were found more frequently
with worse mean deviation severity (P ¼ .002) (Table 6).
When OAG eyes were divided into 4 groups according to
the presence of MvD and focal LC defect, the OAG eyes
with MvD showed greater glaucoma severity than the
other groups regardless of the presence of a focal LC defect
95VD, AND BORDER TISSUE IN OAG
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(P < .001). EOBT was found more frequently in OAG
eyes with a focal LC defect alone, with MvD alone and
both the focal LC defects, and with MvD than OAG
eyes without a focal LC defect and MvD (P ¼ .001)
(Table 7).

Logistic regression showed that more severe mean devi-
ation, presence of the focal LC defect, and greater EOBT
length were significantly associated with MvD in OAG
eyes on univariate and multivariate analyses (Table 8).
More severe mean deviation, presence of MvD, and
greater EOBT length were significantly associated with
the presence of focal LC defects on univariate and multi-
variate analyses (Table 9).
DISCUSSION

THE PRESENT STUDY HAS SEVERAL SIGNIFICANT FINDINGS.

First, the maximum border tissue elongation was topo-
graphically associated with focal LC defect and the
MvD locations. The MvD location was associated with
the focal LC defect location as in previous reports.17 In
addition, both the focal LC defects and the MvDs were
usually found near the location of maximum EOBT length
in OAG eyes. Second, glaucoma severity was significantly
associated with the presence of MvD and focal LC defects.
The presence of the MvD was more strongly associated
with greater glaucoma severity than the presence of the
focal LC defect. Furthermore, the MvD was not found
even in 1 normal eye, whereas the focal LC defect was
found in a few cases. Third, MvD circumferential width
was significantly correlated with glaucoma severity; how-
ever, focal LC defect size and MvD height ratio were
significantly correlated with AL and maximum EOBT
length (Figure 3).

ONH deep structures consist of various features of
border tissue and Bruch’s membrane according to ONH
region.7 A recent cohort study demonstrated that border
tissue could be externally elongated and located closer
to the ONH surface with axial growth.8 Furthermore,
some myopic eyes demonstrated border tissue changes
with axial growth, although they did not show ONH sur-
face changes.8 A recent study conducted by the present
authors showed that deep ONH morphology, such as
border length, was associated with a VF pattern even in
OAG eyes with round ONH surface margins.10 It seems
that deep ONH shape sometimes offers more information
about regional ONH morphological differences than the
ONH surface.

The present study showed that border tissue
morphology may be significantly associated with focal
LC defect and MvD location. The focal LC defect was
topographically associated with the MvD as previously
reported.17 These 2 factors were also topographically
associated with maximum EOBT length, that is, the
JULY 2019OPHTHALMOLOGY



TABLE 7. Comparisons of Parameters According to Presence of Microvascular Dropout and Lamina Cribrosa Defects in Open-Angle Glaucoma

MvD (þ) only (A)

(n ¼ 20)

LC defect (þ) & MvD (þ) (B)

(n ¼ 35)

LC defect (þ) only (C)

(n ¼ 19)

LC defect (�) & MvD (�) (D)

(n ¼ 52) P Value Post Hoc Analysis

Age (y) 54.6 6 16.3 (22-77) 50.7 6 16.8 (24-78) 48.2 6 11.8 (31-69) 51.5 6 15.1 (21-79) .620a

Intraocular pressure (mm Hg) 17.6 6 6.0 (11-36) 16.9 6 4.4 (9-27) 16.4 6 4.9 (11-32) 17.4 6 4.5 (11-32) .807a

Central corneal thickness (mm) 539.6 6 40.7 (483-618) 546.8 6 43.7 (411-648) 541.3 6 34.1 (471-629) 544.0 6 30.7 (472-606) .898a

Axial length (mm) 25.3 6 2.2 (22.8–29.2) 26.1 6 1.9 (22.9–29.3) 25.1 6 1.6 (22.6–28.1) 25.3 6 1.6 (22.5–29.3) .133a

Mean deviation (dB) �8.9 6 5.8 (�24.2 to �1.2) �12.1 6 7.1 (�24.5 to �2.6) �3.3 6 2.3 (�8.8 to �1.1) �3.7 6 3.9 (�22.9 to �1.0) <.001a A [ B > C [ D

Presence of EOBT 17 (85.0) 32 (91.4) 15 (78.9) 28 (53.8) .001b

Maximum EOBT length (mm) 367.7 6 429.3 (117-1912) 493.7 6 337.3 (122-1,250) 483.1 6 308.9 (115-1,118) 437.9 6 233.3 (102-1,197) .603

MvD circumferential width (8) 25.7 6 14.7 (5.4–46.0) 38.8 6 36.9 (7.1–139.0) - - .070c

MvD height ratio 0.2 6 0.1 (0.1–0.6) 0.2 6 0.1 (0.1–0.6) - - .911c

Focal LC defect size (mm) - 130.4 6 43.9 (100-267) 130.6 6 34.5 (100-242) - .987c

EOBT ¼ externally oblique border tissue; LC ¼ lamina cribrosa; MvD ¼ microvascular dropout.

Factors with statistical significance are shown in bold.

Data are mean 6 standard deviation (range) or n (%) unless otherwise indicated.
aANOVA test, a significant difference between the groups was shown in bold in post hoc analysis.
bChi-square test or Fisher exact test.
cMann-Whitney U test.
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TABLE 9. Logistic Regression Testing Factors Associated with the Presence of Focal Lamina Cribrosa Defect in Open-Angle
Glaucoma

Univariate Analysis Multivariate Analysis 1 Multivariate Analysis 2

OR 95% CI P Value OR 95% CI P Value OR 95% CI P Value

Age (y) 0.989 0.966–1.012 .355

Intraocular pressure (mm Hg) 0.966 0.894–1.043 .376

Central corneal thickness (mm) 1.002 0.992–1.011 .744

Axial length (mm) 1.142 0.937–1.393 .188 1.023 0.823–1.271 .839 1.090 0.882–1.348 .424

Mean deviation (dB) 0.901 0.844–0.961 .002 0.900 0.841–0.962 .002

MvD presence 4.789 2.239–10.243 <.001 4.624 2.151–9.937 <.001

EOBT presence 4.029 1.595–10.173 .003 4.189 1.527–11.489 .005

CI ¼ confidence interval; EOBT ¼ externally oblique border tissue; LC ¼ lamina cribrosa; OR ¼ odds ratio.

Factors with statistical significance are shown in bold.

MvDwas strongly associated with mean deviation and EOBT presence, thusMvDwas included in the different model in multivariate analysis.

TABLE 8. Logistic Regression Testing Factors Associated With the Presence of Microvasculature Dropout in Open-Angle Glaucoma

Parameter

Univariate Analysis Multivariate Analysis 1 Multivariate Analysis 2

OR 95% CI P Value OR 95% CI P Value OR 95% CI P Value

Age (y) 1.007 0.984–1.030 .576

Intraocular pressure (mm Hg) 1.002 0.930–1.079 .958

Central corneal thickness (mm) 1.001 0.991–1.010 .885

Axial length (mm) 1.171 0.959–1.428 .121 1.042 0.807–1.343 .754 0.938 0.717–1.227 .639

Mean deviation (dB) 0.714 0.626–0.815 <.001 0.729 0.638–0.833 <.001 0.691 0.596–0.801 <.001

Focal LC defect presence 4.789 2.239–10.243 <.001 3.326 1.314–8.418 .011

EOBT presence 5.312 2.011–14.059 .001 15.366 2.935–80.443 .001

CI ¼ confidence interval; EOBT ¼ externally oblique border tissue; LC ¼ lamina cribrosa; OR ¼ odds ratio.

Factors with statistical significance are shown in bold.

Focal LC defect was strongly correlated with EOBT presence, thus each factor was included in the different model in multivariate analysis.
relationship between focal LC defect and MvD may be
explained by border tissue morphology. It has previously
been shown that ONH geometric morphology is related
to glaucomatous defects in glaucomatous eyes. For
instance, the PPA and disc tilt are known to be topo-
graphically associated with RNFL defects in glaucomatous
eyes.24–28 The PPA and disc tilt have also been reported
to be associated with focal LC defects in OAG eyes with
myopia.29 In the present authors’ previous study, EDI-
OCT results showed that the location of the maximum
border length was consistent with the location of disinser-
tion type LC defect in myopic OAG eyes.21 Furthermore,
the PPA was associated with MvDs in that all MvDs were
found within the PPA, including the region of parapapil-
lary choroid or border tissue.15,17,30 Given that focal LC
defects and MvDs were found at the location of
maximum border length in the present study, the
98 AMERICAN JOURNAL OF
authors speculated that the focal LC defect and the
MvD were influenced by structural vulnerability at the
location of the greatest border tissue elongation in the
ONH.
In the present study, glaucoma severity was significantly

associated with the presence of focal LC defect andMvD in
OAG eyes. However, there were several differences be-
tween focal LC defect and MvD with regard to glaucoma
severity. First, MvD was significantly associated with
more severe mean deviation regardless of focal LC defects;
meanwhile, focal LC defect was associated with more se-
vere mean deviation only when there was a coexisting
MvD. Furthermore, in eyes with more advanced OAG,
there were more frequent instances of multiple MvDs but
not multiple focal LC defects than in eyes with early stage
OAG. Second, the MvD was not found in even 1 normal
eye, whereas the focal LC defect was found in some normal
JULY 2019OPHTHALMOLOGY



FIGURE 3. Representative cases. (A) A 40-year-old female
with early stage open-angle glaucoma (OAG) (mean
deviation, L2.61 dB, axial length [AL]: 25.6 mm). The length
between Bruch’s membrane opening (red arrow) and the inner
margin of border tissue (red arrowhead) was defined as the exter-
nally oblique border tissue (EOBT) length. The maximum
EOBTwas located in the inferotemporal area, which was consis-
tent with the location of the focal lamina cribrosa (LC) defect
(white arrow) and microvasculature dropout (MvD) (yellow
arrowhead). (B) A 68-year-old male with moderate stage
OAG (mean deviation: L8.70 dB, AL: 27.2 mm). The focal
LC defect was located in both inferior and superior directions
(white arrow). However, the largest focal LC defect was located
inferiorly, and it was consistent with the locations of maximum
EOBT length and MvD (yellow arrowhead). (C) A 50-year-old
male with moderate stage OAG (mean deviation: L10.71 dB,
AL: 24.6 mm). The focal LC defect (white arrow) and MvD
(yellow arrowheads) were located in the region of maximum
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controls (21.6%). In addition, MvD was found in just 1 case
(2.8%) of very-early stage glaucoma. An explanation is
not currently forthcoming for why there were differences
in the presence of focal LC defects and MvDs according
to glaucoma severity based on the current study’s data;
but it seems that the MvD may be associated with more
advanced glaucoma than the focal LC defect in OAG
eyes. As previously reported, MvD may be associated
with signs of glaucomatous progression such as disc hemor-
rhage,30 and therefore MvD could be found more in
advanced glaucoma.
Considering the presence of focal LC defect and MvD

was associated with the glaucoma severity in OAG eyes,
the authors speculated that the sizes of focal LC defects
and MvDs may also be associated with glaucoma severity.
However, when the width and height of MvD were
measured separately, only MvD circumferential width was
associated with glaucoma severity, whereas focal LC defect
sizes and MvD height ratios were not. Instead, focal LC
defect size and MvD height ratio were associated with the
extent of AL and maximum EOBT lengths. Previously,
we reported that focal LC defects are associated with
myopia andAL.21MvD height is also likely to be associated
with axial elongation and stretching around ONH. Hypo-
thetically, this phenomenon occurred because MvDs are
found in the border tissue and parapapillary choroid.18,23

In a previous study, it was shown that MvD could occur
only in the border tissue area.16 Thus, in the eyes with short
ALs, it could be difficult to confirm the presence of MvD, if
the border tissue is not externally oblique. Longer AL may
cause border tissues to be exposed externally, leading to
greater MvD height on the border tissue (Figure 4).
Biomechanically, ONH geometry and tissue information

are known to be associated with glaucoma pathogenesis as
well as IOP-related stress.1,31 All these factors may
contribute to glaucomatous damage under a given IOP.
During the growth period, the deep and superficial ONH
may change with axial elongation, and it is likely that
the inferotemporal ONH area experiences the greatest
morphologic changes. Consequently, the ONH structural
features may undergo stresses and strains that differ from
region to region under a given IOP, initially leading to
EOBT length (superotemporal direction). (D) A 55-year-old fe-
male with advanced stage OAG (mean deviation: L12.91 dB,
AL: 23.0 mm). MvD (arrowhead) was found at the maximum
EOBT length location (inferotemporal area). Focal LC defect
was not found in this eye. In all cases, there was locational cor-
respondence among maximum EOBT length, focal LC defect,
MvD, and dominant visual field defect. Among the cases, the
circumferential width of MvD was largest in cases of advanced
OAG eye (D) and smallest in cases of early stage OAG (A).
However, MvD height ratio and focal LC defect size were great-
est in the OAG eye with the largest AL (B) compared to that in
other cases regardless of glaucoma severity.
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FIGURE 4. The relationships among focal lamina cribrosa (LC) defect, microvasculature dropout (MvD), and maximum externally
oblique border tissue (EOBT) length in eyes with open-angle glaucoma (OAG). The maximum EOBT length was usually located
inferotemporally (dotted arrow). The focal LC defect was also found at the location of maximum EOBT length. Focal LC defect
was larger in eyes with larger axial length (AL) and maximum EOBT length. The MvD was also observed at the location of maximum
EOBT length. The circumferential width of MvDwas greater in more severe OAG. However, the height of MvD and the size of focal
LC defect was greater in eyes with larger AL and maximum EOBT length. The focal LC defect (dotted circle) and MvD (dotted
square) were anatomically close to each other because both were usually found at the peripheral deep region of the ONH at the loca-
tion of maximum EOBT length.
retinal ganglion cell axonal damage with connective tissue
remodeling at the most vulnerable location in the ONH.
The locations of the focal LC defects (usually peripheral
LC)1,31 and MvDs (border tissue or parapapillary
choroid)16 are anatomically near to one another. Given
that the greatest IOP-related stress usually occurs at the
ONH margin, the structures in the deep ONH margin
such as peripheral LC, border tissue, and parapapillary
choroid may also be more vulnerable than other structures
under the same IOP. As a result, the focal LC defect could
form in the peripheral LC, whereas the MvDmay appear in
the border tissue and parapapillary choroid at the most
vulnerable ONH location in OAG eyes.

The present study has some limitations, the first of which
is its cross-sectional design. Mean deviation severity is
referred to as the parameter reflecting the temporal progres-
sion of glaucomatous changes in this study. Causal factors
usually must be identified in the earlier stages of disease.
Because MvD was not found in normal eyes and even in
very early stage OAG eyes, the MvD was regarded more
as the factor associated with the outcome rather than the
cause of glaucomatous ONH defect. However, to know
the causal relationship clearly, a prospective study is
warranted. Second, projection artifacts associated with su-
perficial vessels on OCT angiography and overlying vessels
and prelaminar tissue in EDI-OCT could have affected the
100 AMERICAN JOURNAL OF
presence and numbers of the MvD and focal LC defect.
However, only MvD and focal LC defect that met the
criteria were regarded as significant findings. Furthermore,
there was good interobserver agreement between investiga-
tors. Regardless, interpretation of the study results should
be done with consideration of the image quality-related
limitations. Third, the locations were only defined using
maximum values or midpoints of the width of the parame-
ters. Because each parameter such as LC defect or MvD can
have different widths even with the same location of
maximum values or midpoints, the locational agreement
would be different if the width was considered in the anal-
ysis. Fourth, the criteria for the minimum size of the focal
LC defect and the MvD were arbitrary. There were small
focal LC defects of <100 mm and MvD with partially
decreased capillaries. Consideration of clinical characteris-
tics of the eyes with these features is warranted in future
work.
In conclusion, there were topographical associations

among focal LC defects, MvD, and maximum border
length. Considering that focal LC defects and MvD are
strongly associated with the presence and severity of glau-
coma, the authors hypothesize that the focal LC defect and
the MvD may be the biomarkers that reflect glaucoma
severity, especially at the location of maximum border tis-
sue elongation in OAG eyes.
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