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Purrose. To visualize lamina cribrosa defects using three-dimensional (3D) swept-source
optical coherence tomography (SS-OCT), and to determine the factors associated with this
feature.

MerHoDSs. All subjects were examined using an SS-OCT prototype system, which uses a
tunable laser as a light source, operated at 100,000 Hz A-scan repetition rate in the 1050-nm
wavelength. A 3D raster scan protocol consisting of 256 X 256 A-scans was acquired over a
square area of 3 mm X 3 mm centered on the optic disc. En face sectioned volume and serial
en face images and orthogonal (horizontal and vertical) serial B-scans were evaluated.

Resurts. A total of 182 eyes of 111 patients with glaucoma and 29 healthy eyes of 26 subjects
were included. Twenty full-thickness focal lamina cribrosa defects were found in 12 (6.6%) of
182 eyes with glaucoma, whereas no lamina defects were found in healthy eyes. Nine eyes
(75.0%) showed 15 full-thickness lamina cribrosa defects near the margin of the lamina
cribrosa, and 3 eyes showed 4 lamina defects at the margin, as if detached from the sclera.
Focal lamina cribrosa defects corresponded with neuroretinal rim thinning, concurrent or
previous disc hemorrhages, abnormal circumpapillary retinal nerve fiber layer thickness, and
visual field defects. The presence of lamina cribrosa defects was significantly associated with
longer axial length and disc hemorrhages (P = 0.033 and 0.024, respectively).

Concrusions. 3D SS-OCT imaging allows visualization of the lamina cribrosa defects, which

may be more prevalent in eyes with longer axial length and related to disc hemorrhages.
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amina cribrosa has been implicated as the principal site of

damages to retinal ganglion cell (RGC) axons in glauco-
ma.!"> Lamina cribrosa is thought to be the supporting
structure for unmyelinated RGC axons that make a 90° turn.
It has a three-dimensional (3D) meshwork structure consisting
of capillaries,, fenestrated sheets of scleral collagenous tissue,
and occasional elastic fibers. Astrocytes separate the sheets and
line the fenestrae, and the fascicles of RGC axons leave the eye
through these openings (called pores).G’8

Earlier histopathological studies using animal, cadaver, or
enucleated eyes showed morphological changes of the whole
structure of the lamina cribrosa associated with glaucoma, such
as thinning and U- or W-shaped posterior lamina displace-
ment.>>> Increased intraocular pressure (IOP) or a trans-
laminar pressure gradient is thought to cause these bulk
changes in lamina cribrosa.>°-12 These deformations of the
lamina cribrosa lead to misalignment of the connective tissue
constituting the fenestrae, which then leads to compression,
extension, and shearing of RGC axons or laminar capillaries
within the lamina cribrosa, which result in the loss of RGCs.?~11

Recent advancement in imaging modalities provide a unique
opportunity to observe lamina cribrosa structures in vivo.
Spectral domain optical coherence tomography (SD-OCT)
allows 3D imaging of the lamina cribrosa and laminar
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pores.!3-1¢ 3D SD-OCT imaging demonstrated thinning and
posterior displacement of the lamina cribrosa, consistent with
earlier histopathological findings.'%'® SD-OCT technology also
allows enhanced depth imaging (EDI), which improves
visualization of the deep fundus structures including the lamina
cribrosa.'’-1° Recently, the EDIFOCT method was successfully
used in the discovery of a local abnormality of lamina cribrosa,
termed focal lamina cribrosa defect, which was associated with
local glaucomatous optic disc changes such as neuroretinal rim
thinning/notching or acquired pits of the optic nerve
(APONSs).2921 This interesting feature has not been reported
in the earlier histopathological articles on glaucomatous eyes.
Swept-source OCT (SS-OCT) with a 1050-nm tunable laser is
the next generation of OCT technology, which allows 3D high-
penetration imaging of the deep fundus tissue, such as the
choroid and lamina cribrosa.??-25> SS-OCT allows 3D raster scan
with ideal sampling density, which enables clear observation of
3D structure of the optic disc including lamina cribrosa,?>
because this technology does not require averaging many B-
scans to visualize the deep tissue.?> Observation of the 3D optic
disc dataset in arbitrary serial sections, such as en face scans (C-
scan) and vertical and horizontal B-scans, and comparison of
the en face images with optic disc photographs would be
instrumental in for determining actual lamina cribrosa defects
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by excluding vascular shadowing-related artifacts. The purpose
of the current study was to identify focal lamina cribrosa
defects by using our prototype 3D SS-OCT system.?32% The
second purpose was to determine the clinical factors
associated with the focal lamina cribrosa defects identified
with 3D SS-OCT imaging.

METHODS

Candidates in this prospective study were glaucoma patients
and healthy subjects who visited Kyoto University Hospital
(Kyoto, Japan) and agreed to participate in this study between
July 7, 2010, and January 6, 2012. All investigations in this
study adhered to the tenets of the Declaration of Helsinki, and
the study was approved by the Institutional Review Board and
Ethics Committee of Kyoto University Graduate School of
Medicine. Written informed consent was obtained from all
subjects.

All participants underwent a comprehensive ophthalmic
examination that included uncorrected and best-corrected
visual acuity using the 5-m Landolt chart, slitlamp biomicros-
copy, Goldmann applanation tonometry, gonioscopy; measure-
ments of axial length using IOLMaster (Carl Zeiss-Meditec,
Dublin, CA), Heidelberg Retina Tomograph II (HRA2; Heidel-
berg Engineering, Heidelberg, Germany); achromatic automat-
ed perimetry using the 24-2 Swedish interactive threshold
algorithm standard program (Humphrey Visual Field Analyzer
II; Carl Zeiss-Meditec); dilated stereoscopic examination of
optic disc and fundus, stereo disc photography with a 3-Dx
simultaneous stereo disc camera (Nidek, Gamagori, Japan); and
Spectralis HRA+OCT (Heidelberg Engineering). All patients
underwent evaluation of the optic disc, including disc
hemorrhages, at every 3-month visit to our clinic from the
initial visit. Whenever the disc hemorrhage was found, the
fundus photograph was taken.

To be included, eyes had to have best-corrected visual
acuity of >20/40, spherical refraction within =6.0 diopters,
cylinder correction within *£3.0 diopters, and reliable visual
field tests. Exclusion criteria were evidence of media opacities,
such as corneal opacity, cataract, and vitreous opacity;
vitreoretinal disease, uveitis, or nonglaucomatous optic neu-
ropathy; or a history of intraocular surgery. Those patients with
intraocular disease (e.g., diabetic retinopathy or retinal vein
occlusion) or systemic (uncontrolled hypertension) or neuro-
logic disease (e.g., pituitary tumor, cerebral infarction) that
could affect the optic nerve structure or visual function were
also excluded from this study.

Healthy eyes had to have IOP between 10 and 21 mm Hg,
a normal open anterior chamber angle, clinically normal
appearance of the optic disc, and normal visual field results.
Glaucoma was defined as having glaucomatous appearance of
the optic disc (localized or diffuse neuroretinal rim thinning
or retinal nerve fiber layer defects) associated with typically
glaucomatous, reproducible visual field defects on standard
automated perimetry. Visual field results were considered
reliable based on fixation loss <15%, false positive <15%,
and false negative <15%. Anderson-Patella criteria was used
to define glaucomatous visual field results on standard
automated perimetry: glaucoma hemifield test outside normal
limits, pattern standard deviation probability <5%, or a
cluster of three or more adjacent nonedge points in typically
glaucomatous locations that did not cross the horizontal
meridian, all of which were depressed on the pattern
deviation plot at a P value of <5% and one of which was
depressed at a P value of <1%, confirmed with two reliable
consecutive tests.
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3D SS-OCT at 1050 nm

A prototype SS-OCT system with an axial scan rate of 100,000
Hz was fabricated for patient examination at Kyoto University
Hospital, Japan, by Topcon Corporation (Tokyo, Japan).2324
This prototype SS-OCT used a wavelength-sweeping laser
(tunable laser) with a tuning range of ~199 nm centered at
1050 nm, yielding 8 pm axial resolution in tissue. Transverse
resolution was set to ~20 pm. SS-OCT imaging at 1050 nm was
conducted with light intensity of ~1 mW on the cornea, which
is well below the safe retinal exposure limit established by the
American National Standards Institute. Sensitivity was mea-
sured at ~98 dB at this input power.

A 3D raster scan protocol consisting of 256 X 256 A-scans
was acquired in 0.8 seconds over a square area of 3 mm X 3
mm, centered on the optic disc center. Volume rendering was
performed in order to generate en face 3D images from the 3D
data set. En face sectioned volume images and serial en face
images were reconstructed for the 3D data set. These en face
images and vertical and horizontal serial B-scan images were
used to observe the laminar structures.

Assessment of Lamina Cribrosa Defects

The 3D OCT image set that was obtained was independently
reviewed for focal defects of the lamina cribrosa by two graders
(KT and YK), who were masked to all other information. A
focal full-thickness lamina cribrosa defect was defined as the
loss of high reflectivity from the anterior-to-posterior border of
the lamina cribrosa on vertical/horizontal serial B-scan images
and a maximum width of hyporeflectivity on en face images of
>100 pm.?® The anterior and posterior borders of the lamina
cribrosa on B-scans were defined as the locations where high
reflectivity started and ended beneath the optic disc cup,
respectively. In addition, the observers confirmed that the
candidate lamina cribrosa defects did not correspond to
hyporeflectivity due to vascular shadowing by comparing the
en face images to the disc photograph (Figs. 1, 2). When a full-
thickness loss of the high lamina reflectivity corresponded to
the hyporeflective vascular pattern on the en face images
corresponding to the retinal blood vessels on disc photo-
graphs, it was not included (Fig. 1). Conversely, a hypore-
flective spot on the en face images that could not be
recognized as full-thickness loss of the lamina reflectivity on
B-scan images was not included as a full-thickness lamina
cribrosa defect. If the two graders did not agree on the
existence of the lamina cribrosa defect, they reviewed and
discussed the lamina cribrosa until a consensus was reached. If
no consensus could be reached, the candidate lamina cribrosa
defect was excluded from analysis.

We compared the angular location of the lamina cribrosa
defects on en face images and the glaucomatous features, such
as neuroretinal rim thinning, localized retinal nerve fiber layer
(RNFL) defects, and disc hemorrhages, on color disc photo-
graphs. The angle of the edges of each lesion centered on the
optic disc center was measured using Screen Protractor
version 1.1 software for Windows Screen Protractor version
1.1 software (Softonic, http://screen-protractor.en.softonic.
com/) for Windows (Microsoft Corporation, Redmond, WA).
When the angular location of a lamina cribrosa defect
overlapped with that of each photographic glaucomatous
feature, we concluded that the lamina cribrosa defect spatially
corresponded with the photographic feature.

Statistical Analysis

Statistical analysis was performed using SPSS Statistics version
20 software (IBM, New York, NY). The continuous data were
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Ficure 1. 3D imaging of the lamina cribrosa with 1-um SS-OCT at 1050 nm in a healthy eye. (A) Color disc photograph. (B) En face image of the
optic disc at the level of the lamina cribrosa reconstructed from a 3D SS-OCT data set. A comparison between the disc photograph and the en face
image revealed that the hyporeflective pattern (yellow arrowbeads) accurately corresponded to the retinal blood vessels on the optic disc. The
hyporeflective regions do not represent lamina cribrosa defects but are artifactual features that resulted from signal blocking by the retinal blood
vessels (termed vascular shadowing). (C) En face volume image sectioned at the level of the lamina cribrosa reconstructed from the 3D SS-OCT data
set. Artifactual defects (yellow arrowbeads) are shown on the highly reflective lamina cribrosa, caused by the vascular shadowing. (D) Horizontal B-
scan along the green line (A, B). Lamina cribrosa reflectivity appears to have defects (yellow arrowbeads), but these defects correspond to
hyporeflective vascular regions ([B], yellow dotted line), thus indicating that these are artifacts and not lamina cribrosa defects. Vascular shadowing

is characterized by the axially straight hyporeflectivity throughout the area beneath the blood vessels.

compared between eyes with and without lamina cribrosa
defects by using Mann-Whitney U test. Cohen’s k coefficient
was used to estimate inter-rater reliability for identifying lamina
cribrosa defects. The categorical data were compared between
groups using the %2 test. To determine the effects of various
factors on the presence of focal lamina cribrosa defects, we
performed univariate and multivariate logistic regression
analyses. A P value of <0.05 was considered statistically
significant.

RESULTS

A total of 182 glaucomatous eyes of 111 Japanese patients (50
men, 62 women) were eligible for the current study. Patients
ranged in age from 21 to 89 years old (mean * SD, 62.9 * 14.4
years). Glaucomatous eyes ranged in spherical equivalents of
refractive errors from —6.0 to 3.0 (—1.65 = 2.30 diopters [D]),
in axial length from 21.44 to 27.9 mm (mean *= SD, 24.5 *=
1.29 mm), and in visual field mean deviation (MD) from —31.29
to 0.63 dB (—10.9 * 9.29 dB). Our glaucomatous eyes included
62 eyes (44 patients) with high-tension open-angle glaucoma
(HTG; known untreated IOP > 21 mm Hg, twice), 104 eyes (69
patients) with normal-tension open-angle glaucoma (NTG;
untreated IOP < 21 mm Hg, at all times), and 16 eyes (12
patients) with secondary glaucoma (exfoliation glaucoma, 10
eyes; uveitis, 6 eyes). Twenty-nine healthy eyes of 26 subjects
(11 men, 16 women) were also included for analysis. Healthy
subjects ranged in age from 33 to 77 years old (mean * SD,
62.6 *£ 14.2 years), in spherical equivalent refractive errors
from —6.0 to 1.5 (—1.47 = 2.50 D), in axial length from 22.11
to 26.55 mm (mean * SD, 24.1 = 1.20 years). No significant
differences between sex, age, and axial length were found

between glaucomatous and healthy eyes (P =0.378, 0.936, and
0.607, respectively).

3D Images of Lamina Cribrosa in Normal Eyes

En face sectioned volume images on SS-OCT with a 1050-nm
tunable laser visualized the lamina cribrosa as a highly
reflective structure with multiple less reflective dots corre-
sponding to lamina pores (Fig. 1). The highly reflective lamina
cribrosa was seen even beneath the neuroretinal rim but
became hyporeflective beneath the peripapillary structures
that compose the border tissue, choroid, and sclera. There
were strap-like hyporeflective patterns on the highly reflective
lamina cribrosa, particularly in the nasal half (Fig. 1C, yellow
arrowheads). The hyporeflectivity corresponded well to the
retinal blood vessels on disc photographs compared between
reconstructed serial en face images (Fig. 1B) or en face volume
images (Fig. 1C) to the disc photographs (Fig. 1A). In serial SS-
OCT B-scans, the hyporeflective regions in the lamina cribrosa
corresponding to the retinal blood vessels on en face images
(Fig. 1B) showed axially straight hyporeflective bands (termed
vascular shadowing) throughout the B-scan image beneath the
retinal blood vessels (Fig. 1D). The retinal trunk vessels caused
large hyporeflective areas in the center of the nasal half of the
lamina cribrosa (Fig. 1C, arrow).

3D Images of Focal Lamina Cribrosa Defects in
Glaucomatous Eyes

Some glaucomatous eyes showed hyporeflective spots in the
highly reflective lamina cribrosa (Fig. 2, red arrowhead). This
feature did not correspond with retinal blood vessels when the
en face serial B-scan (Fig. 2B) or en face sectioned volume (Fig.
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Ficure 2. 3D imaging of the lamina cribrosa with SS-OCT at 1050 nm in a glaucomatous eye. (A) Color disc photograph. (B) En face image of the
optic disc at the level of the lamina cribrosa reconstructed from a 3D SS-OCT data set. A comparison between the disc photograph and the en face
image revealed that the hyporeflective pattern (yellow arrowbeads) accurately corresponds to retinal blood vessels on the optic disc, with the
exception of the inferotemporal triangle defect (red arrowbead). The hyporeflective features corresponding to the retinal blood vessels are artifacts
that resulted from signal blocking by the retinal blood vessels (termed vascular shadowing). (C) En face volume image sectioned at the level of the
lamina cribrosa reconstructed from the 3D SS-OCT data set. Artifactual defects (yellow arrowbeads) of the highly reflective lamina cribrosa are
caused by vascular shadowing, and the red arrowhbead points at the focal lamina cribrosa defect. (D, E) Horizontal B-scan (D) and sectioned volume
(E) images along the green line (A, B). Lamina cribrosa reflectivity appears to have defects (arrowbeads). The defects indicated (yellow
arrowhbeads) correspond to the hyporeflective vascular regions identified in ([B], yellow dotted line), thus indicating that these are artifacts
resulting from the retinal blood vessels (asterisks) and are not lamina cribrosa defects. The defect indicated by a red arrowhbead shows full-
thickness loss of lamina reflectivity. We defined this feature as a focal lamina cribrosa defect with a lamina cavity shape. Note, the vascular
shadowing shows an axially straight hyporeflectivity throughout the area beneath the blood vessels (asterisks), whereas the margin of the lamina
cribrosa defect is not straight.

Investigative Ophthalmology & Visual Science

2C) images were compared to the disc photographs (Fig. 2A).
The hyporeflective spots were much larger in size and much
lower in reflectivity than the hyporeflective dots representing
laminar pores. On serial B-scan images, this hyporeflective spot
showed a full-thickness defect in the highly reflective lamina
cribrosa. This feature was defined as a focal full-thickness
lamina cribrosa defect. There was excellent agreement in
identifying this feature between the two graders (Cohen’s Kk,
0.768; P < 0.001). The graders agreed that 19 focal lamina
defects were present in 12 eyes (11 patients, 6.6%) of 182 eyes
with glaucoma. In contrast, no lamina defects were found in 29
healthy eyes of 26 age-matched participants. No defects in
conus structure (i.e., conus pits)?> were found in any
peripapillary regions.

The number of the focal lamina defects per eye was 1 in 6
eyes, 2 in 5 eyes, and 3 in 1 eye, with an average of 1.58 *=
0.67. Of the 19 lamina defects in 12 eyes, 4 defects of 4 eyes
were located at or near the superior optic disc margin, 13

defects of 10 eyes at or near the inferior optic disc margin, and
2 defects of 2 eyes at or near the temporal optic disc margin.

Nine eyes (75.0%) showed 15 lamina defects with a round
or oval shape in the vicinity of the margin of the lamina
cribrosa on en face images, which appeared to be like a
longitudinal cavity (Figs. 3A-D) in the lamina cribrosa on serial
B-scans. We called this type of lamina defect a “lamina cavity.”
The remaining 3 eyes (23.1%) showed four triangular lamina
defects at the margin of the lamina cribrosa (Figs. 3E-L) on en
face images.

In horizontal serial B-scans, the highly reflective lamina
cribrosa appeared to be detached from the sclera (Figs. 3F, 3H,
3J, 3L). We called this type of lamina defect a “lamina
disinsertion.” None of these eyes included both the lamina
cavity and lamina disinsertion.

Seven (58.3%) of the 12 eyes with focal lamina cribrosa
defects had concurrent or previous disc hemorrhages. Nine
(81.8%) of 11 lamina cribrosa defects in these 7 eyes spatially
corresponded with the disc hemorrhages (Fig. 4). Of 11 lamina
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Ficure 3. Two types of full-thickness lamina cribrosa defects. (A-D) Lamina cavity type; (E-L) lamina disinsertion type. (A, E, ) Single en face scan
images; (B, E J) single horizontal B-scan images; (C, G, K) en face volume image sectioned at the lamina cribrosa level; (D, H, L) horizontal sectioned
volume images. Red arrowhbeads indicate full-thickness defects of the lamina cribrosa reflectivity.

defects, 8 and 3 defects were lamina cavity and lamina
disinsertion, respectively; this difference was not statistically
different (P = 0.369).

Of 19 lamina defects of 12 eyes, all of the lamina defects
spatially corresponded with the neuroretinal rim thinning, 13
(68.4%) of 9 eyes spatially corresponded with localized RNFL
defects, and 12 (68.4%) lamina cribrosa defects of the 9 eyes
spatially corresponded with the abnormal circumpapillary
RNFL (cpRNFL) thickness in the cpRNFL sector analysis using
Spectralis (Fig. 4). Visual field defects were found in the
corresponding hemifield in 13 (68.4%) of 17 lamina cribrosa
defects located in the superior or inferior lamina (Fig. 4). Five
eyes that showed lamina cribrosa defects limited to the inferior
half of the lamina cribrosa had greater loss of sensitivity in the
superior hemifield. Of 19 lamina cribrosa defects, average
mean *= SD MD values were —7.41 = 7.37 dB and —10.47 *
7.02 dB in eyes with lamina cavities and lamina disinsertions,
respectively; this difference was not statistically different (P =
0.375).

Acquired pits in the optic nerve were found only in 6 (3.3%)
eyes. Three (50%) of the 6 eyes had concurrent or previous
disc hemorrhages (P = 0.092). Lamina cribrosa defects were
found in only 1 of the 6 eyes with APON, thus not significantly
associated with APON.

Comparison Between Clinical Characteristics of
Eyes With Focal Lamina Cribrosa Defects and
Those Without

Clinical characteristics were compared between eyes with and
those without focal full-thickness lamina defects (Table 1). No
significant differences were found in sex or age between eyes
with and without lamina defects. The focal lamina cribrosa
defects were found in 1 of 62 eyes with HTG (1.6%), 10 (9.6%)
of 104 eyes with NTG, and 1 (6.3%) of 16 eyes with secondary
glaucoma. Thus, focal lamina cribrosa defects were found most
frequently in eyes with NTG, but this was not statistically
significant (P = 0.132) (Table 1).

No significant differences were found in visual field MD,
disc size, cup-to-disc (C/D) ratio on HRT2, maximum untreated
IOP, and cpRNFL thickness as measured with Spectralis
HRA+OCT. The eyes with the lamina cribrosa defects were
more myopic and had significantly longer axial lengths than
those without focal lamina defects (P = 0.029 and P = 0.004,
Mann-Whitney U test, respectively). Concurrent or previous
occurrence of disc hemorrhage was more frequently found in
eyes with the lamina defects (P =0.002). In 5 eyes (71.4%), the
lamina defects were spatially associated with concurrent disc
hemorrhages.
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FIGuRe 4. A case that shows the spatial correlations of a 3D-identified lamina cribrosa defect (lamina cavity) with repeated disc hemorrhages (A-F),
localized RNFL defects (A-F), visual field defects (G), and abnormal cpRNFL thickness (H, I). The left eye of a 43-year-old woman with normal
tension glaucoma who presented with repeated disc hemorrhages. Mean deviation in the visual field on static automated perimetry was —2.03
decibels; baseline intraocular pressure was 15.0 mm Hg; and axial length was 23.70 mm. (A-F) Color disc photographs. Disc hemorrhages were
found at the initial visit (A) and at 3 (B), 12 (C), 15 (D), 21 (E), and 24 (F) months in similar locations associated with the inferotemporal RNFL
defect and superotemporal slit-like RNFL defects. (G) Standard automated perimetry 24-2 pattern deviation map. Paracentral visual field defects
were detected in the superior hemifield. (H) Classification map of regional cpRNFL thickness (H) and cpRNFL thickness map (I) on Spectralis.
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Abnormal cpRNFL thickness (<1%, indicated by red) compared to the confidence interval of a normative database was detected in the
inferotemporal region. (J) A SS-OCT B-scan along the green line (A). (K, L) Serial en face images at different levels of lamina cribrosa depth ([K],
yellow line in [J]; [L], red line in [J]) reconstructed from the 3D SS-OCT data set. A full-thickness, cavity-type lamina cribrosa defect is seen in the
vicinity of the disc hemorrhage and the localized RNFL defect in the inferotemporal region. The size of the lamina cribrosa defect is larger in the

deeper en face images.

The presence of lamina cribrosa defects was significantly
associated with longer axial length and concurrent or previous
disc hemorrhage occurrence in both univariate (P < 0.001 and
0.002, respectively) and multivariate (P = 0.033 and 0.024,
respectively) logistic regression analyses (Table 2), but not
with age, visual field MD, NTG, disc size, vertical C/D ratio,
maximum untreated IOP, or cpRNFL thickness.

Di1scussION

As we previously reported, SD-OCT allowed 3D imaging of the
gross structures of lamina cribrosa and pores, except for the
structure beneath the neuroretinal rim.'* EDI-OCT further
improved visualization of the whole structure of the lamina
cribrosa in B-scans, particularly beneath the neuroretinal
rim.!7-1° The current study showed that SS-OCT at 1050 nm
allowed 3D imaging of the whole lamina structures including
the structure beneath the neuroretinal rim. Lamina cribrosa
defects were thus found only by the EDI-FOCT (in earlier
studies)?*2! and SS-OCT at 1050 nm (current study), probably
because they were located at or in the vicinity of the lamina
cribrosa margins beneath the neuroretinal rim. However, it
remains difficult to visualize the laminar structure beneath
retinal blood vessels because of signal loss due to vascular
shadowing,2® which must be taken into consideration for
evaluation of hyporeflective lesions including lamina cribrosa
defects (Fig. 1). On en face serial or sectioned volume images,
the signal blocking appeared as a hyporeflective vascular
pattern, which corresponded to retinal blood vessels on disc
photographs. In the current study, we eliminated hyporeflec-
tive lesions due to vascular shadowing by comparing B-scans
and en face images.

We analyzed two types of full-thickness focal lamina defects,
the lamina cavity and lamina disinsertion. Kiumehr et al.?!
originally reported five categories of focal lamina cribrosa
defects based on shape: smooth indentation, moth-eaten
appearance defect, step-like depression, hole-like defect, and
altered laminar insertion. However, the same research group
included hole-like defects (laminar holes) and prominently
altered laminar insertions (laminar disinsertions) to assess the
association between lamina cribrosa defects and neuroretinal
rim loss and APON because they aimed to avoid misclassifica-
tion of normal anatomical variations and artifacts as real
glaucomatous focal lamina cribrosa defects by using stricter
criteria.?” Our strategy is consistent with this approach, and
the lamina cavity and lamina disinsertion on 3D SS-OCT in the
current study appear to correspond to the hole-like defects and
altered laminar insertions, respectively, in the earlier study. In
order to interpret the findings of the earlier and present
studies, it must be taken into consideration that only eyes with
full-thickness lamina cribrosa defects were included for further
analysis.

Kiumehr et al.?! showed that focal lamina cribrosa defects
corresponded with glaucomatous optic disc changes such as
neuroretinal rim thinning/notching or an APON. Park et al. also
showed a spatial correlation between focal lamina cribrosa
defects and disc hemorrhages as well as neuroretinal rim loss
and RNFL defects (Park SC, et al. TOVS 2012;53:ARVO E-
Abstract 3695). In the current study, full-thickness lamina
cribrosa defects spatially corresponded with neuroretinal rim
thinning (100%), localized RNFL defects (68.4%), abnormal
cpRNFL thickness in the cpRNFL sector analysis on Spectralis
(68.4%), and disc hemorrhages (81.8%), consistent with the
earlier 2 studies. Thus, lamina cribrosa defects appear to be

Tasie 1. Comparison of Clinical Characteristics Between Glaucomatous Eyes With and Without Focal Lamina Defects

Lamina Cribrosa Defect

Patient Characteristics Found Not Found P Value
Male 5 () 80 (49) 0.377*
Female 7 (6) 90 (61)
Age, y 58.3 * 11.3 (42-75) 63.2 = 14.6 (21-89) 0.1141
Refractive error, D —3.19 = 1.91 (=6 to 0) —1.63 + 2.20 (—6 to 3) 0.029%
Axial length, mm 25.8 = 1.53 (23.7-27.9) 24.4 + 1.20 (21.4-27.0) 0.0041
Mean deviation, dB —9.96 + 7.68 (—25.36 to —1.58) —11.2 = 9.3 (—31.3 to 0.63) 0.815t
Disc size, mm 2.08 + 0.37 (1.44-2.52) 2.24 + 0.52 (1.02-4.02) 0.270
Vertical C/D ratio 0.41 = 0.16 (0.09-0.56) 0.50 * 0.20 (0.04-0.91) 0.055t
Diagnosis, no. of eyes HTG, 1 HTG, 61 0.132*
NTG, 10 NTG, 94
SG, 1 SG, 15
NTG/total, no. of eyes 10/12 94/170 0.058*
Maximum untreated IOP, mm Hg 20.4 = 7.95 (15-43) 21.1 * 6.92 (8-44) 0.3561
CcpRNFL thickness, pm 67.9 *+ 10.9 (51-87) 69.7 * 16.8 (33-113) 0.739%
Localized RNFL defects, no. of eyes (no. of patients) 8 (8 77 (56) 0.152*
Disc hemorrhage, no. of eyes (no. of patients)
Present 7D 33 27) 0.002*
Absent 5@ 137 (98)

Values are mean * SD with ranges in parentheses. Bold indicates P < 0.05. SG, secondary glaucoma.

* x? test.
1t Mann-Whitney U test.
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Tasie 2. Univariate and Multivariate Logistic Regression Analyses for Focal Lamina Defects in Patients With Glaucoma
Univariate Multivariate

Clinical Characteristics Beta (SE) P Value Beta (SE) P Value
Age —0.001 (0.001) 0.253 0.002 (0.002) 0.457
Axial length 0.060 (0.016) <0.001* 0.062 (0.029) 0.033
Visual field MD 0.001 (0.002) 0.641 —0.006 (0.005) 0.267
NTG 0.071 (0.037) 0.058 0.083 (0.082) 0.313
Disc size —0.041 (0.039) 0.293 —0.043 (0.0749) 0.560
C/D ratio —0.159 (0.099) 0.110 —0.250 (0.225) 0.269
Maximum untreated IOP —0.001 (0.003) 0.753 0.005 (0.008) 0.525
cpRNFL thickness —0.001 (0.001) 0.722 0.001 (0.003) 0.865
Localized RNFLD 0.053 (0.038) 0.153 —0.006 (0.065) 0.924
Disc hemorrhage 0.140 (0.043) 0.002* 0.152 (0.066) 0.024

Bold indicates P < 0.05.

well associated with clinical manifestations that present with
localized glaucomatous damages.

In our multivariate logistic regression analyses, lamina
cribrosa defects were significantly associated with concurrent
or previous disc hemorrhages. Hsu et al. found that the mean
follow-up IOP, disc hemorrhage detection, and visual field MD
were associated with focal lamina cribrosa defects in multivar-
iate logistic regression analysis (Hsu AT, et al. JOVS 2012;53:AR-
VO E-Abstract 2815). Thus, our results agreed with those of the
earlier study regarding disc hemorrhage detection. Disc
hemorrhages are thought to be related to localized glaucoma-
tous damages because they have often been associated with
rim notching and localized RNFL defects and focal glaucoma
progression.?8-32 Local disruption of lamina beams or laminar
pore structures may not only cause RGC axon damages but also
lead to rupture of prelaminar or laminar beam capillaries, and
subsequently may lead to the concurrent focal glaucoma
progression and disc hemorrhages, although this remains
speculative.

Our results did not agree for IOP and visual field MD.
However, because the frequency of full-thickness lamina
cribrosa defects was small in the current study, the number
of eyes with this feature was only 13. Thus, we cannot be
certain that the factors that were found to be statistically
insignificant in this study, such as demographics, disc size,
maximum untreated IOP, visual field MD, or RNFL thickness,
are definitely not associated with the presence of lamina
cribrosa defects.

In contrast, the correspondence between lamina cribrosa
defects and APON seemed to be much lower. APON has been
described as a unique feature on disc photography showing a
deep, localized excavation of the neuroretinal rim with sharply
localized depression and loss of normal laminar architecture of
the lamina cribrosa. The prevalence of APON in glaucomatous
eyes was 2.8% to 6.6%.3373° In the current study, the
prevalence of APON was 3.3%, almost consistent with these
earlier studies. It was uncertain whether lamina cribrosa
defects and APON are identical, different, or overlapped. The
APON was reportedly more frequently located inferiorly>4-3¢
and was associated with visual field defects,33-3¢ visual field
progression,* and disc hemorrhages.3%3¢ Thus, focal lamina
cribrosa defects and APON appear to have similar clinical
characteristics. However, in the current study, focal lamina
cribrosa defects were a little more prevalent (6.6%) and found
only in 1 of the 6 eyes with APON. It is possible that some of
these 5 eyes with APON, but without laminar defects, had
defective changes limited to the prelaminar tissue, or the
surface of the lamina cribrosa. Otherwise, it is also possible
that structural changes in the lamina cribrosa associated with
APON appearance was unable to be detected due to the

limitation of our imaging method. Furthermore, Kiumehr et
al.?! showed that only 11 (16.2%) eyes of 68 full-thickness
lamina cribrosa defects (5 [50.0%] of 10 hole-like defects, and 6
[10.3%] of 58 altered laminar insertions) presented clinically as
an APON. In the current study, only 8 (40.0%) of the 20 eyes
with full-thickness lamina cribrosa defects showed an associ-
ated APON. Thus, only a part of full-thickness lamina cribrosa
defects appears to present clinically as an APON. It is possible
that detection of these focal lamina cribrosa defects is difficult
on the disc photography, because it is a structural abnormality
present beneath the prelaminar tissue and sometimes beneath
the neuroretinal rim. Furthermore, some lamina cribrosa
defects became larger at the greater depth where disc
photographs cannot visualize the structure clearly.

In multivariate logistic regression analyses, the lamina
cribrosa defects were also associated with longer axial length.
Recently, Ohno-Matsui et al.,?> using the same SS-OCT system
as ours, reported that pit-like clefts in the optic disc (termed
acquired optic disc pits) and myopic conus (conus pits) were
found in 16.2% of in eyes with pathologic myopia with extreme
myopia (inclusion criteria, spherical equivalent refractive
errors > —8.00 diopters or axial length > 26.5 mm; included
mean refractive error, —14.5 £ 4.3 diopter, and mean axial
length, 30.0 = 2.1 mm). The shape of the lamina cribrosa
defects in our glaucomatous subjects appear to be, at least in
part, identical to that of the optic disc pits in the pathologic
myopia, particularly in the characteristics that both features
were full-thickness defects of the lamina cribrosa. In the
current study, to exclude the influence of pathologic myopia,
we excluded eyes with extreme high myopia. Different from
the findings in the eyes with extreme myopia, we found no
conus pits outside the optic disc, or no discontinuous nerve
fiber layer overlying the optic disc pits.?> Furthermore, optic
disc pits in the pathologic myopia were more deeply excavated
than the lamina cribrosa defects in our glaucomatous eyes.
Regardless of these differences, the prevalence of the
“acquired optic disc pits” in pathologic myopia was 5.6%,
comparable with that of lamina cribrosa defects (6.6%) in the
current study. Furthermore, the eyes with optic disc pits in the
extreme high myopia were also significantly more myopic and
had significantly longer axial lengths than the highly myopic
eyes without any kind of pits in the optic disc area, consistent
with our results. Although it is uncertain whether the “optic
disc pits” in pathologic myopia and lamina cribrosa defects in
our glaucomatous eyes are different, identical, or overlapped,
mechanical stress to lamina cribrosa via peripapillary scleral
deformation according to axial length elongation may be a
common pathway involved in the development of these
defective changes of lamina cribrosa.
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Most of the full-thickness lamina cribrosa defects were
located at or near the superior optic disc margin, consistent
with earlier studies.?!?” Histopathological studies revealed the
following regional variations of the lamina cribrosa in
presumably healthy human eyes: the superior and inferior
portions, compared to the nasal and temporal regions, had
larger single pore areas and summed pore areas, thinner
connective tissue, and less glial cell support.3’-3° These
regional variations, which are thought to account for the
greater susceptibility to early glaucomatous damage in the
superior and inferior portions, may be responsible for the
frequent detection of full-thickness lamina cribrosa defects in
these susceptible locations.

Gross deformation of lamina cribrosa, such as thinning,
posterior displacement, and excavation beneath the anterior
scleral canal, has been thought to damage the RGC axons. The
laminar gross deformation is thought to be caused by two types
of mechanical stress generated by IOP/translaminar pressure
gradient and stretching force from peripapillary sclera.”~11 It is
thought that IOP-induced deformation of the lamina cribrosa
includes two components acting simultaneously in response to
acute IOP elevation: one component is the effect of IOP on the
anterior laminar surface, which deforms the lamina posteriorly;
and the other component is the effects of IOP on the sclera,
which causes an expansion of the scleral canal.!? The effects of
IOP on the sclera are transmitted to the lamina cribrosa
through its insertion into the canal wall, generating a tensile
stretch that causes the lamina to pull “taut,” thereby causing
anterior displacement. Thus, acute tensile stretch imposed on
the lamina can be generated by the expanding scleral canal
after acute IOP rise. Continuous tensile stretch may also be
yielded by translaminar pressure gradient. The magnitude and
distribution of the strains on the lamina cribrosa from the
tensile stretch depend on the assumed regional variation of
mechanical properties of the lamina cribrosa and sclera. The
superior and inferior parts of the lamina cribrosa contain larger
pores and thinner connective tissue than other parts.37-3% All
models of laminar biomechanics consistently predict regions of
relatively large strain in the peripheral lamina.!” It is interesting
that a large part of lamina cribrosa defects were found in the
peripheral lamina in the inferior and superior parts that would
suffer from the relatively large tensile stress. Disc hemorrhages
are also frequently found in this location. We speculate that
tensile stretch generates large strain in a local region of the
peripheral lamina in the inferior or superior parts, and
subsequently leads to mechanical disruption of lamina
cribrosa, particularly resulting in lamina disinsertion. Myopic
thinning of the lamina cribrosa may cause the susceptibility of
the lamina cribrosa to mechanical disruption.40 Furthermore,
mechanical expansion of scleral canal as a result of myopic
peripapillary scleral deformation according to axial length
elongation may enhance tensile stretch or cause uneven tensile
stretch. The association of lamina cribrosa defects with longer
axial length favors these speculations.

This study includes some limitations. One limitation is the
poor visualization of the nasal half of the lamina cribrosa on en
face SS-OCT images. In glaucoma, retinal trunk vessels are
often shifted to the nasal half of the optic disc, and
consequently prominent shadowing effects by assembling
large retinal vessels cause poor visualization of the nasal part
of the lamina cribrosa. We cannot deny the possibility that
focal lamina cribrosa defects were present also in the nasal
portion. The second limitation is that our study subjects were
all Japanese. Probably because of this, 57.1% of the study eyes
had NTG. Such a high percentage of NTG patients would affect
the relationship between the lamina cribrosa defects and
clinical factors. This should be taken into consideration to
interpret our results. However, in the current study, although
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lamina cribrosa defects were more frequently found in eyes
with NTG than without NTG, NTG was not a significant risk
factor for lamina cribrosa defects in multivariate analysis. Third
limitation is that the current study is a cross-sectional study.
Therefore, it remains uncertain whether the lamina cribrosa
defects on 3D SS-OCT imaging is permanent, progressive, or
transient (i.e., reversible). It is possible that the lamina cribrosa
defects are more prevalent when observed in longitudinal
studies.

CONCLUSIONS

In conclusion, the current study showed that 3D SS-OCT
imaging is a useful method for detection of focal full-thickness
lamina cribrosa defects because it can differentiate between
actual lamina cribrosa defects and artifacts due to vascular
shadowing. Disc hemorrhages and longer axial length were risk
factors for the presence of lamina cribrosa defects. Disc
hemorrhages are known to be associated with local glaucoma
progression, as well as localized RNFL damages.?®-32 These
findings raise the question whether the lamina cribrosa defects
are related to local glaucoma progression. Further studies in
longitudinal basis are needed to clarify this question in the
future.
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