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Abstract

* PURPOSE: To evaluate the relationship between the occurrence of optic disc hemorrhages
(DH) and glaucoma progression as determined by multiple glaucoma testing modalities.

» DESIGN: Prospective cohort study.

* METHODS: A longitudinal study was undertaken of 124 open-angle glaucoma patients who
had yearly disc photography, visual fields (VFs), spectral-domain optical coherence tomography
(SD-OCT), retinal nerve fiber layer (RNFL) thickness scans, and optic nerve volume scans
(Spectralis), all performed on the same day over a 5-year period. The minimum distance band
(MDB) thickness, a 3-dimensional (3D) neuroretinal rim parameter, was calculated from optic
nerve volume scans. Patients were classified as glaucoma progressors or glaucoma nonprogressors
using event-based analysis.

* RESULTS: Of 124 open-angle glaucoma patients, 19 (15.3%) had 1 or more DHs on yearly
disc photographs. Presence of a DH was associated with localized 3D neuroretinal rim thickness
progression (superior MDB progression; odds ratio: 3.96; £=.04) but not with global or inferior
MDB progression (P= .14 and .81, respectively), DP progression (P=.08), VF progression (P=
.45), or RNFL global, inferior, or superior progression (P= .17, .26, and .76, respectively). In the
majority of patients with MDB progression (14/17 or 82%), the progression was noted before or
concurrently with the first instance of DH.

» CONCLUSIONS: Glaucoma progression detected by high-density 3D SD-OCT neuroretinal
rim measurements preceded DH occurrence in the majority of patients. These findings support the
hypothesis that DHs are indicators of ongoing glaucoma progression rather than discrete events
that cause subsequent progression.

GLAUCOMA iS A CHRONIC BLINDING DISEASE characterized by loss of retinal ganglion cells and
characteristic morphological changes of the optic nerve. Optic disc hemorrhages (DH),
splinter-shaped regions of bleeding straddling the optic disc rim, have been established as
important risk factors for development and progression of glaucoma in several randomized
prospective glaucoma trials.1-3 For example, in the OHTS (Ocular Hypertension Treatment
Study), having a DH increased the likelihood of developing glaucoma 4-fold,! whereas

in the EMGT (Early Manifest Glaucoma Trial), DHs were associated with an increased
likelihood of progression.34 However, the underlying etiology of DHs has remained elusive,
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and it is presently unclear whether DHs are the cause or the consequence of glaucoma
progression.5:6

Prior studies investigating DHs and glaucoma progression have tended to focus on single
glaucoma testing modalities (disc photographs,’8 visual fields,®11 or optical coherence
tomography [OCT]*2:13). A number of studies have demonstrated that the presence of a DH
leads to a greater probability of visual field progression and more severe central damage.%-11
Akagi and associates? demonstrated that rates of retinal nerve fiber layer (RNFL) thinning
were significantly faster in DH quadrants than in non-DH quadrants and accelerated after
DH occurred. Similarly, ganglion cell inner plexiform layer thinning rate was significantly
more rapid in glaucomatous eyes with DH than in control eyes.13 However, to the best of our
knowledge, no prior studies have investigated the relationship of DHs and progression using
multiple glaucoma testing modalities simultaneously or have utilized new high-density 3D
spectral domain-OCT (SD-OCT) protocols to detect progression.

Cross-sectional studies have shown that high-density 3D SD-OCT optic nerve measurements
provide objective quantitative metrics that may be the same or better than the most
commonly used 2D RNFL thickness parameters for diagnosing glaucoma.24-17 Specifically,
the minimum distance band (MDB) thickness measures the neuroretinal rim in 3D space
and is a high-density version of the low-density, commercially available Bruch membrane
opening — minimum rim width.14-17 The MDB is calculated from an optic nerve volume
scan, and it represents the neuroretinal rim as a band of tissue whose width is the

shortest distance between the outer OCT-based disc border (ie, retinal pigment epithelium/
Bruch membrane [RPE/BM]) and the inner cup surface (ie, internal limiting membrane
[1LM]).14-16 |n addition to providing objective quantitative neuroretinal rim thickness
measurements, 1416 MDB thickness correlates well with structural assessments (ie, disc
photography) and with functional assessments (ie, visual field mean deviation and pattern
standard deviation).1” Furthermore, in a recent prospective study, we have demonstrated that
MDB thickness measurements detected glaucoma progression 1 to 2 years earlier than disc
photos and RNFL thickness measurements.18

In this study we evaluated open-angle glaucoma patients who were followed using 4
different glaucoma testing modalities (disc photography, Humphrey visual field testing,
RNFL thickness measurements, and MDB thickness [ie, neuroretinal rim thickness in 3D
space]) over a 5-year follow-up period. DHs were detected on disc photographs in a subset
of patients, and the presence of a DH only led to escalation of glaucoma therapy if it was
associated with structural and/or functional progression at a subsequent follow-up visit. We
hypothesized that high-density MDB neuroretinal rim thinning would be associated with
DHs and that our study may provide new insights into the pathophysiology of DHs.

PATIENTS AND METHODS
* PARTICIPANTS, CLINICAL EVALUATIONS, AND STUDY PROTOCOL.:

The longitudinal SIG (SD-OCT in Glaucoma) study was prospectively approved by the
Massachusetts Eye and Ear Institutional Review Board. All included patients provided
informed consent in accordance with the Declaration of Helsinki and the Health Insurance
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Portability and Accountability Act. The SIG study included 2,000 study subjects who

were recruited from the Massachusetts Eye and Ear Glaucoma Service since 2009.
Complete eye examinations were performed by a glaucoma specialist (T.C.C.) and included
ocular history, best-corrected visual acuity, refraction, Goldmann applanation tonometry,
slitlamp biomicroscopy, gonioscopy, dilated fundus examination, ultrasound pachymetry,
disc photography (Visucam Pro NM; Carl Zeiss Meditec), and visual field testing (Swedish
Interactive Threshold Algorithm 24-2 test of the Humphrey visual field (HVF) analyzer
750i, Carl Zeiss Meditec).

Patients were eligible to participate in the SIG study if they consented to the research OCT
imaging protocol on the same day as their complete eye examination, disc photography,
and visual field testing. SD-OCT imaging was performed using the US Food and Drug
Administration (FDA)-approved Spectralis SD-OCT machine (Heidelberg Engineering
GmbH). Each eye was dilated and underwent peripapillary RNFL thickness circular scans
and high-density optic nerve research volume scans. The RNFL scan circle was 12° in
diameter (approximately 3.5-3.6 mm in diameter for a typical eye length). The research
imaging protocol included an optic nerve volume scan which consisted of 193-raster B-scans
with 20° x 20° field of view (approximately 6 mm x 6 mm). Automatic real-time function
was enabled and set for 3 frames at each scan location. All study participants had at least
4 annual follow-up visits with repeat dilated clinical examinations, repeat routine clinical
testing, and repeat high-density research optic nerve volume scans.

* DEFINITION OF OPEN-ANGLE GLAUCOMA AND GENERAL INCLUSION AND EXCLUSION

CRITERIA:

The first 133 consecutive open-angle glaucoma patients were recruited for this study
from the 2,000 subjects enrolled in the SIG study at Massachusetts Eye and Ear. Our
study population consisted of patients with both primary and secondary open-angle
glaucomas (ie, primary open angle, normal tension, pseudoexfoliation, and pigmentary
glaucoma). All patients had characteristic glaucomatous optic nerve changes, corresponding
visual field defects, and open angles on gonioscopic examination. In addition, primary
open-angle glaucoma (POAG) patients had pretreatment intraocular pressures > 21 mm
Hg; normal tension glaucoma patients had pre-treatment intraocular pressure <21 mm
Hg; pseudoexfoliation glaucoma patients had pseudoexfoliative changes on slitlamp
examination; and pigmentary glaucoma patients had pigment dispersion signs on the
slitlamp examination.

Glaucomatous optic nerve changes were defined using the OHTS criteria, which included
characteristic rim thinning in a generalized or localized pattern while demonstrating 1 or
more of the following characteristics: change in the position of the vessels, development of
a notch, development of an acquired pit, and development of localized or diffuse pallor. Disc
hemorrhage, nerve fiber layer dropout, and a deep cup change was not a requirement for
glaucoma.1? Visual fields were considered abnormal if 3 or more contiguous test locations
on 1 side of the horizontal meridian was depressed by =5 dB with at least 1 point depressed
>10 dB from normative values.29 Glaucoma staging was based on the Hodapp-Anderson-
Parrish system, classifying subjects as having early stage glaucoma (mean deviation [MD]
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greater than —6 dB), moderate stage glaucoma (=12 dB less than MD less than or equal to —6
dB), or severe stage glaucoma (MD less than or equal to —12 dB).

General inclusion criteria included patients with spherical equivalent between —6.0 and +6.0
diopters, best-corrected visual acuity of 20/70 or better, good quality disc photographs, and
reliable visual field test results, which were defined as <33% fixation losses, <33% false-
positive results, and <33% false-negative results.2! SD-OCT scans included in the study
needed to meet the following criteria: signal strength of at least 15 dB and completion of

the 193-line raster scans for optic nerve volume scans. Exclusion criteria included congenital
abnormalities of the anterior chamber, corneal scarring or opacities, severe nonproliferative
or proliferative diabetic retinopathy, visual field loss due to a nonglaucomatous condition, or
missing data. If both eyes of a patient were eligible for the study, 1 eye was selected using a
random number generator in Excel 2013 software (Microsoft).

* SD-OCT DATA FROM RNFL THICKNESS SCANS AND OPTIC NERVE VOLUME SCANS:

The RNFL thickness was calculated by the Heidelberg SPECTRALIS SD-OCT software
(Heidelberg Eye Explorer software version 5.4.8.0). The RNFL thickness values were
reported as global (360°), quadrant (ie, inferior, superior, nasal, and temporal), and sector
(ie, inferior-nasal, superior-nasal, inferior-temporal, and superior-temporal) values in an
RNFL single examination report. From baseline RNFL thickness scans, artifacts were
identified and classified according to the 12 artifact types as defined by Liu and associates.2?

The 3D optic nerve volume scan raw data were exported, and the custom-designed program
calculated MDB thickness with C** software developed at Massachusetts Eye and Ear using
the Open Source libraries Insight Segmentation and Registration Toolkit (ITK version 4.3,
Insight Software Consortium, Kitware Inc.) and Open Source Computer Vision (OpenCV
version 2.4.3). The MDB thickness was calculated by building a 3D model of the RPE/BM
complex, which was reconstructed from the individual B-scans. Processing of the SD-OCT
volume scans was described in detail previously.1® All 193 B-scan images of each patient
were checked for segmentation artifacts by 1 of the authors (K.R.). Segmentation artifacts
that consisted of either misidentification or improper segmentation of the ILM and RPE
were manually deleted, and the software was then used to recalculate the measurements.
The disc margin, defined by the RPE/BM termination, was identified by 100 points spaced
by 3.6°. The central axis of the disc was determined by finding the centroid of the opening
in the RPE/BM (ie, disc margin). For each angular interval of 3.6°, the shortest distance
from the disc margin to the ILM was measured as the MDB thickness. MDB thickness
values were determined for global (360°), for 90° quadrants (ie, inferior, superior, nasal,
and temporal), and for 45 ° sectors (ie, inferior nasal, superior nasal, inferior temporal, and
superior temporal).

* GLAUCOMA PROGRESSION ANALYSIS: DEFINING ONSET OF PROGRESSION:

Glaucoma progression analysis was determined separately for the disc photographs, visual
fields, RNFL thickness measurements, and MDB thickness measurements using event-based
analysis.18 The first instance each modality showed progression was defined as the date of
progression for that modality.
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1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

MARGETA et al. Page 6

* DISC PHOTOGRAPHY PROGRESSION AND PRESENCE OF DISC HEMORRHAGE:

All disc photographs were de-identified by 1 of the authors (K.R.). Glaucoma progression
status was independently determined by 2 glaucoma specialists (M.A.M. and C.L.O.) using
disc photographs that were placed in a random order by 1 of the authors (J.K.). The 2
graders were blinded to all clinical, visual field, and OCT data. The disc photography
progression was determined using OHTS criteria described above. Each grader viewed all
disc photographs and classified each eye as either progressed or stable. Any disagreement
in the progression status between the 2 graders was resolved by a third glaucoma specialist
(T.C.C.), until all 3 glaucoma specialists reached a unanimous determination of stable or
progressed. All photographs were also evaluated for the presence of DHs. If a DH was
detected in 1 or more disc photographs, the patient was classified as having had a DH

over the course of the study. Patients without photographic evidence of DH were classified
as non-DH subjects. In this study we focused on DHs that were detected using fundus
photography obtained on visits during which the patient was dilated, and Humphrey visual
field (HVF) testing and OCT imaging were performed. DHs that may have been detected
during other clinic visits using undilated optic nerve examination were not assessed or
included in this study.

* VISUAL FIELD PROGRESSION:

All visual fields were de-identified by 1 of the authors (K.R.). Glaucoma progression

status was independently determined by 2 glaucoma specialists (M.A.M. and C.L.O.) using
visual field analyses arranged by chronology. The 2 graders were blinded to all clinical

and OCT data. The visual field progression was noted if at least 1 of the following were
present: deepening of an existing scotoma, expanding of an existing scotoma, and/or new
localized visual field defect observed in a previously normal part of the field.20.23.24 Each
grader viewed all visual fields for each eye and classified each eye as either stable or
progressed. Any disagreement of the progression status between the 2 graders was resolved
by a third glaucoma specialist (T.C.C.), until all 3 glaucoma specialists reached a unanimous
determination of stable or progressed.

* SD-OCT PROGRESSION: RNFL THINNING AND MDB NEURORETINAL RIM THINNING:

The RNFL thickness and MDB rim thickness were defined as showing glaucoma
progression if serial measurements demonstrated a negative trend with values decreasing at a
faster rate than expected for test-retest variability and for mean normal aging changes.2° The
same changes also had to be confirmed in the last follow-up visit to avoid false positives.
The cutoff values for test-retest variability used in this study were 5, 8, and 8 um for

RNFL thickness in the global, inferior, and superior quadrants, respectively; and 7, 5, and

5 1m for MDB thickness in the global, inferior, and superior quadrants, respectively.16.26-30
These cutoff values were based on past published reports as well as our group’s past
publications.18:27.29.31 The normal rates of aging changes used in this study were —0.5 and
-1.0 z~m/year for RNFL thickness and MDB thickness, respectively,16:32

Am J Ophthalmol. Author manuscript; available in PMC 2022 February 08.
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* STATISTICAL ANALYSIS:

Summary data were reported as means = SD for continuous variables and as counts with
percentages for categorical variables. Pre-enrollment power calculations revealed that 125
patients would be needed for initial enrollment in order to detect significant differences in
OCT progression, that is, a change beyond expected intertest fluctuation, assuming 20%
attrition over 5 years, for a final count of 100 patients at the last study visit. For comparisons
between 2 groups, #tests were used for continuous outcomes, and ;(2 tests were used for
categorical outcomes. ORs measuring the association between glaucoma progression status
and DH were calculated using logistic regression. We also performed significance tests

for the computed odds ratios using Fisher’s exact test to assess whether our results were
sensitive to the relatively low number of progressors and DH events, but because there was
high concordance between the results of the two approaches, we report results from only the
logistic regression analyses here. All statistical analysis was performed using the statistical
software R (version 3.3.3). The threshold for statistical significance was defined as £ < .05.

RESULTS

The first 133 consecutive open-angle glaucoma patients were recruited for this study from
the 2,000 subjects enrolled in the SIG study at Massachusetts Eye and Ear. Nine of 133
patients (6.8%) were excluded for the following reasons: 5 patients were missing at least one
disc photograph or visual field test, 2 patients had incomplete volumetric scans, 1 patient
had a possible non-glaucomatous visual field defect, and 1 patient exhibited algorithm
failure. A total of 124 eyes from 124 included patients were analyzed in the final analysis.
The average longitudinal follow-up period was about 5 years (66.9 + 16.4 months). Out of
124 open angle patients, 19 patients (15.3%) had one or more DHs on routinely obtained
disc photos during the follow-up period of approximately 5 years, while 105 patients did not
(Table 1). Of note, the presence of a DH by itself was not an indication for escalation of
glaucoma therapy.

Table 1 shows baseline demographic and clinical characteristics of patients with and without
DH. DH patients were more likely to be female (78.9% vs 44.8%; P=.013) and have
normal tension glaucoma (42.1% vs 12.4%; P=.01). Furthermore, patients with DH were
more likely to be Asian (42.1% vs 12.4%) and less likely to be African American (0% vs
18.1%; P=.017). There were no baseline differences in vertical cup-to-disc ratio or visual
field parameters (mean deviation and pattern standard deviation) between the two groups
(Table 1). Table 2 shows the average baseline values for the OCT parameters, 2D RNFL
thickness and 3D MDB neuroretinal rim thickness (or MDB thickness). Interestingly, DH
eyes had a greater global RNFL thickness at baseline (74.74 um vs 66.05 um; P =.03),

as well as greater temporal quadrant RNFL thickness (65.26 um vs 56.06 um; P=.012)

and inferonasal sector RNFL thickness (87.32 pm vs 72.03 um; £ =.022). There were no
statistically significant differences between the two groups in terms of baseline global MDB
thickness, quadrant MDB thickness, or sector MDB thickness (Table 2).

To determine if the presence of a DH is associated with an increased risk of progression
of glaucoma, we compared the proportion of eyes exhibiting glaucoma progression using
event-based criterion for all 4 modalities, ie, disc photography, visual fields, RNFL

Am J Ophthalmol. Author manuscript; available in PMC 2022 February 08.
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thickness, and MDB neuroretinal rim thickness (Table 3). Interestingly, presence of a

DH was associated with localized 3D neuroretinal rim thickness progression (superior
MDB progression; odds ratio [OR]: 3.96; P=.04), but not with global or inferior MDB
progression (P=.14 and .81, respectively; Table 4). Presence of a disc hemorrhage was

not associated with an increased risk for disc photo progression (P =.08), visual field
progression (P =.45), or RNFL global, inferior or superior progression (P= .17, .26 and .76
respectively) in our dataset.

To further elucidate the relationship between DHs and glaucoma progression, we examined
the timing of DHs and detection of progression across the four testing modalities (Table

5). Despite presence of a DH, many patients did not experience progression on disc photos
(13/19, or 68%), visual field (9/19, or 47%), or RNFL (global, superior, and/or inferior;
11/19, or 58%) over the course of the study. Furthermore, only 2/19 (10.5%) of DH patients
experienced an escalation in glaucoma therapy within a year after each DH occurrence
(Table 5). On the other hand, most DH patients (17/19, or 89%) exhibited MDB progression
(global, superior, and/or inferior), supporting the idea that three-dimensional neuroretinal
rim thickness is a sensitive modality for determining progression in glaucoma. Notably,

in the majority of patients with MDB progression (14/17, or 82%), the MDB progression
was noted before or concurrently with the first instance of DH, supporting the notion that
detectable optic nerve damage is present before a DH even occurs. A representative case
illustrating the sensitivity of MDB thickness in detecting glaucoma progression prior to DH
occurrence is shown in Figure 1.

We also examined the spatial relationship between the localized MDB progression and
occurrence of DH. Interestingly, the quadrant in which MDB progression occurred did

not necessarily correlate with the location of DH (Table 5). For example, superior MDB
progression was the most common site of MDB change in our study, occurring in 16/19
(84%) of DH patients; however, out of those 16 patients, only 5 (31%) had a superior DH,
while 8 (50%) had an inferior DH and 3 (19%) had a nasal DH (Table 5). Conversely,
inferior DH were most common in our study (12/19, or 63% of patients); however, only
50% (6/12) of those patients exhibited inferior MDB progression. Therefore, in our dataset
there was no clear spatial relationship between the location of MDB progression and DH
occurrence.

DISCUSSION

In this study we investigated the relationship between DHs and glaucoma progression as
determined by four different glaucoma testing modalities, including the novel high-density
3D spectral domain OCT (SD-OCT) optic nerve volume scans. The patients were followed
prospectively for 5 years, and the presence of a DH only led to escalation of therapy if

it was associated with subsequent structural and/or functional progression. Thus, our study
can provide insight into the natural history of DHs and their relationship to glaucoma
progression.

The key finding of our study is that DH patients had a significantly higher rate of localized
3D neuroretinal rim thickness progression (superior MDB progression; OR: 3.96; P=

Am J Ophthalmol. Author manuscript; available in PMC 2022 February 08.
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.04) (Table 4) than non-DH patients. The presence of a DH was not associated with a
greater degree of disc photo progression, visual field progression, or RNFL progression

in our dataset, in line with our previous finding that MDB thickness measurement is

a very sensitive modality for detecting progression in glaucoma.8 Similarly, Cho and

Kee33 demonstrated that, in patients with DHs, the rate of change of Bruch membrane
opening-minimum rim width was significantly greater than that of RNFL, especially in the
inferotemporal and superotemporal sectors. Notably, MDB progression in our dataset was
detected in most patients (14/17 or 82%) before or concurrently with the first noted instance
of DH (Table 5), suggesting that substantial and quantifiable optic nerve damage precedes
DH occurrence.

This finding is in agreement with several prior studies, which also showed that optic

nerve damage can precede DH occurrence. Two previous studies have found that DHs are
more likely to occur in the areas of prior optic nerve focal rim notching’ and narrower
neuroretinal rim at baseline,3* whereas Chung and associates® showed that glaucomatous
progression on disc photographs occurred both before and after a documented DH. De
Moraes and associates'! showed that rapid and localized visual field progression detected
using automated pointwise linear regression preceded development of a DH. Of note, if

this methodological approach for detecting HVF progression is demonstrated to be more
sensitive than the event-based expert assessment we used in our study, this may explain

the lack of association between DH occurrence and HVF progression seen in our dataset.
Although future studies are needed to directly compare trend-based versus event-based
analysis, the event-based study design of the current study best affords extrapolation of our
results to clinical practice, where the presence of progression needs to be determined at
each clinic visit. In contrast, best pointwise linear regression models typically require 5 data
points, which would not be available for this cohort until the end of the 5-year study period.
In addition, the SD-OCT machine used in this study does not have FDA-approved RNFL
software for trend analysis, which would also make a trend-based study design less clinically
applicable. However, despite the nuances of various methods to detect glaucomatous disease
progression, it is clear that significant structural and functional glaucoma progression can
occur prior to DH detection.

How do these results compare to published large prospective trials? Several landmark studies
have previously examined the relationship between DHs and glaucoma and found that DHs
were a risk factor for glaucoma progression.124 However, in the CNTGS (Collaborative
Normal Tension Glaucoma Study) and EMGT, the temporal relationship between DH
occurrence and progression was not closely examined. In CNTGS, investigators looked
solely at the association between glaucoma progression and DHs diagnosed at the time of
enrollment,2 whereas in EMGT, DHs could have occurred at any time during the study
period and the temporal relationship between the onset of DH, and progression was not
investigated.# In the OHTS trial, Budenz and associates! found that having a DH was a
strong risk factor for developing POAG, with the onset of glaucoma damage occurring on
average 13 months after the DH was detected. However, the authors also found that the
majority of patients with DH (86.7%) did not develop POAG during the study period.!
Furthermore, having the diagnosis of POAG increased the incidence of DH, with cumulative
DH incidence increasing from 0.5% per year prior to development of POAG to 2.5% per
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year after the development of POAG.! These findings indicate that, although DHs are clearly
associated with glaucoma progression, the relationship between the two in terms of cause
and effect is far more complex.

Another interesting finding from our study was that the degree of concordance between the
quadrant in which DH occurred and where progression was detected was quite limited, with
only 31% (5/16) patients with superior MDB progression also exhibiting a DH in the same
(superior) quadrant (Table 5). Conversely, whereas the inferior DHs were most common in
our study (12/19 or 63% of patients), only 50% of those patients (6/12) exhibited inferior
MDB progression. This topographic noncorrespondence between DH location and area of
progression is at first glance surprising but has been previously described. For example, 2
previous studies examining the degree of concordance of the location of the DH and the

site of visual field progression found that the 2 were in agreement in only 44%3% and 65%°
of eyes. Similarly, a study by Gunvant and associates3® showed that RNFL thinning (as
determined by GDx polarimetry measurements) was not restricted to regions corresponding
to the location of the DH. This lack of topological agreement can be explained by 2 reasons:
(1) many instances of glaucoma progression are not accompanied by a DH, and most DHs
do not lead to glaucoma damage?; and (2) because DHs are transient phenomena,® not all
DHs will be captured with yearly fundus photography. Therefore, in this study, the observed
DHs and disease progression may be 2 separate events. In agreement with the latter idea, a
study by Nitta and associates,3” in which the patients were examined every 1 to 2 months,
reported a much higher degree (88%) of topological correspondence between the site of DH
and enlarging RNFL defects.

Taken all together, our data support the hypothesis that DHs represent indicators of

ongoing glaucoma progression rather than being discrete events that cause subsequent
progression.® Current theories on the underlying pathophysiology of DHs fall into 2 camps:
the vascular theory and the mechanical theory.>6 According to the vascular theory, the
primary cause of a DH is a microinfarction within the optic nerve head, whereby primary
vascular dysregulation leads an increase in circulating levels of endothelin-1 and matrix
metalloproteinase-9 and loss of the barrier function of the endothelial cells, resulting in
extravasation of red blood cells and a DH.5>8 According to this theory, the primary cause

of a DH is the underlying vascular insufficiency. The mechanical theory states that DHs
result from mechanical disruption of the blood vessels in the optic nerve head from posterior
bowing and glaucomatous remodeling of the lamina cribrosa.>8 In addition, capillaries

may also be mechanically disrupted through the process of proliferative reactive gliosis in
response to glaucoma damage, in which the formation of a fibrous glial scar disrupts the
capillary wall and leads to a DH.38 Our finding that significant optic nerve damage precedes
DH occurrence is in agreement with the latter, mechanical theory of DH etiology, whereby
ongoing glaucoma damage causes the DH and not the other way around.

In our study population, we also found that DHs were more likely to occur in women and
patients with normal tension glaucoma (Table 1), a finding previously reported in several
studies.39-41 For example, in a large population-based, cross-sectional study, Healey and
associates3? found that DHs were present in 25% of patients with normal tension glaucoma,
compared to 8% of patients with high-pressure glaucoma. DH patients in our study were
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also less likely to be Black and more likely to be Asian (Table 1). This finding is consistent
with prior studies reporting a lower prevalence of DHs in patients of African descent than
in those of European descent,*2 and a high prevalence of DHs in Asian glaucoma patients,
for example in Japan®! and South Korea.*3 The patients with and without DH did not

differ at baseline in terms of other clinical or demographic characteristics, including vertical
cup-to-disc ratio, visual field parameters, or baseline global or quadrant MDB thickness. Of
note, DH patients in our study did have a greater global RNFL thickness at baseline (P=
.03) (Table 2) and a trend towards having less severe glaucoma than non-DH patients (as
determined using Hodapp-Anderson-Parrish criteria; 2= .065), consistent with prior studies
that reported that DHs are detected more frequently in early to moderate than in advanced
glaucoma.40.44

Our study had several advantages and disadvantages. To our knowledge, this is the first
study comparing glaucoma progression in patients with and without DH using multiple
commonly used clinical modalities (disc photography, visual fields, and 2D OCT RNFL
thickness) and the novel high-density 3D OCT neuroretinal rim parameter, MDB thickness.
Furthermore, our study was longitudinal and examined the natural history of DHs in an
unbiased sample (ie, patients were not recruited based on presence of a DH, and their
treatment was not modified solely because a DH was detected). A limitation of our study
is that with yearly disc photographs we may not have captured all the DHs occurring

in our patients. However, as DHSs are transient phenomena that typically resolve after 6

to 12 weeks,® this would remain a caveat even with more frequent testing and needs

to be considered in most studies evaluating timing of DHs and glaucoma progression.
Furthermore, our study design did not include a repeat test within a few weeks to confirm
progression. Repeat confirmation testing may help to reduce the rate of false positives and
false negatives,234546 hecause false positives have been known to occur in the clinical
setting and can lead to an initial overestimation of glaucoma progression.2®

In summary, in this study we find that localized 3D neuroretinal rim thickness progression
precedes DH occurrence in many glaucoma patients. These findings suggest that DHs
should be seen as indicators of ongoing glaucoma damage, whose detection necessitates
heightened clinical scrutiny but not necessarily immediate treatment intensification.
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Refer to Web version on PubMed Central for supplementary material.
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RNFL thickness (um)
Global Inferior Superior

77 77 97
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MDB thickness (um)
Global Inferior Superior
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234 152 301

225 123 306

212 147 277

A representative case demonstrating the sensitivity of MDB thickness in detecting glaucoma
progression prior to DH occurrence. A 65-year-old Caucasian male with primary open-angle
glaucoma and well-controlled intraocular pressure on latanoprost and timolol demonstrated
an inferotemporal DH in 2013 (arrow) and Humphrey visual field progression in 2014.
Significant progression on OCT RNFL thickness and MDB thickness is marked in red.

Of note, whereas inferior RNFL progression was noted on the same visit as the DH,

MDB progression was detected a year earlier, before the DH even occurred. DH = disc
hemorrhage; MDB = minimum distance band; OCT = optical coherence tomography; RNFL

= retinal nerve fiber layer.
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Proportion of Eyes With and Without Disc Hemorrhage Exhibiting Glaucoma Progression Over the Course of

the Study

Modality Detecting Eyes Without DH n (%)
Progression

Eyes With DH n (%0)

Disc photo 14 (13.3)
Visual field 44 (41.9)
Global RNFL 14 (13.3)
Inferior RNFL 25 (23.8)
Superior RNFL 14 (13.3)
Global MDB 52 (49.5)
Inferior MDB 59 (56.2)
Superior MDB 60 (57.1)
Inferotemporal MDB 57 (54.3)
Superotemporal MDB 50 (47.6)

6 (31.6)
10 (52.6)
5(26.3)
7(36.8)
3(15.8)
13 (68.4)
10 (52.6)
16 (84.2)
10 (52.6)
13 (68.4)

DH = disc hemorrhage; MDB = minimum distance band; RNFL = retinal nerve fiber layer.

Data are frequency count (%).
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Presence of Disc Hemorrhage is a Risk Factor for Localized 3D Neuroretinal Rim Thickness Progression but
not for Progression as Assessed by Other Modalities

Modality Detecting Progression ~ Odds Ratio 95% ClI P Value
Disc photo 2.97 0.79-10.21 .08
Visual field 1.53 0.51-4.67 .45
RNFL
Global 2.30 0.56-8.24 17
Inferior 1.86 0.56-5.80 .26
Superior 1.22 0.20-5.11 72
MDB
Global 2.19 0.71-7.60 14
Inferior 0.87 0.29-2.63 81
Superior 3.96 1.04-22.49 012
Inferotemporal 0.94 0.31-2.84 1.00
Superotemporal 2.37 0.77-8.20 13

MDB = minimum distance band; RNFL = retinal nerve fiber layer.

aStatisticalIy significant Pvalue < .05.
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