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Introduction

Abstract

Purpose: To investigate presumed activated retinal astrocytes and Miiller cells
(ARAM) detected by scanning laser ophthalmoscopy (SLO) and spectral domain
optical coherence tomography, and to investigate its presence in healthy controls
as well as its relationship to posterior vitreal detachment (PVD) and glaucoma.
Methods: This retrospective study involved 1337 eyes of 805 controls between
ages 8 and 90, and 250 eyes of 146 patients with glaucoma between the ages of 28
and 95. Subjects were counted as possessing ARAM only if they met the following
criteria: (1) a patchy, discrete, glittering appearance on SLO, (2) a distinct, flat,
hyper-reflective layer at the internal limiting membrane on at least one B-scan
crossing the glittering area and (3) absence of any surface wrinkling retinopathy.
The diagnosis of PVD was based on both the patient’s clinical examination and
imaging data. Frequency tables were used to describe categorical variables and dif-
ferences were compared by means of . Analyses were separated based on right
and left eye, first on controls and then between glaucomatous eyes and age-similar
sex-matched controls.

Results: ARAM was found in both healthy controls and patients with glaucoma
at similar frequencies. There was no association between having glaucoma and
the presence of ARAM. ARAM was not different between the sexes but was associ-
ated with age and having a PVD.

Conclusions: This large retrospective study found that ARAM can be seen in
healthy controls, is associated with PVD and possibly independently with age, and
occurred at similar frequency in glaucomatous eyes.

glaucoma. The RNFL is composed of ganglion cell
axons, vasculature, as well as Miiller cells, astrocytes and

Glaucoma is a group of optic neuropathies characterised
by progressive loss of retinal ganglion cells and their
axons, cupping of the optic nerve head and visual field
defects. It can lead to permanent vision loss if left
untreated and is the leading cause of irreversible blind-
ness in the world.! Historically, the clinical focus has
been on examination of the optic nerve head with stereo
biomicroscopy®” and visual fields,* but with the advent
of optical coherence tomography (OCT), retinal nerve
fibre layer (RNFL) thickness analysis has become an
integral part of the diagnosis and management of

some microglia. In recent years, there has been an
increasing interest in glial cells within the retina and
their responses to injury. Previous studies have reported
that “presumed activated retinal astrocytes and Miiller
cells” (hereafter referred to as ARAM) are seen in
patients with primary open-angle glaucoma (POAG)
and normal tension glaucoma (NTG)® as well as POAG
patients with peripheral vascular dysregulation.” It was
not until recently that ARAM was reported in eyes free
of disease.® This paper will focus specifically on ARAM
as seen in controls and patients with glaucoma.
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Glial cell activation is a non-specific response to central
nervous system (CNS) trauma, characterised by an increase
in size and number of glial cells and an upregulation of glial
fibrillary acidic protein (GFAP).’ The retina is an extension
of the CNS, thus sharing many of the same injury
responses.””'® Glial cell activation has been well docu-
mented by introducing mechanical,'" hypoxic,'* light dam-
age'” and other stresses to the retina,'* as well as in
experimentally induced glaucoma designs.”'® It has been
found in murine models that astrocyte reactivity in the
retina'® and the optic nerve'® increases with the onset of
glaucoma. The percentage of retinal area covered by acti-
vated astrocytes could be a biomarker with the potential to
predict retinal ganglion cell health as well as to identify retina
at risk of glaucoma-related vision loss."” This is supported
by recent studies investigating the relationship between acti-
vated glia and glaucoma.*'” Edwards et al. characterised
idiopathic preretinal glia immunohistochemically and iden-
tified both Miiller cells and astrocytes in these preretinal glial
projections and membranes. They found a high level of glial
activation at vitreous attachment sites.'® The extensions of
the activated glial cells form a dense irregular meshwork on
the surface of the retina enhancing light scatter.” These
changes as observed clinically have been previously termed
presumed activated retinal astrocytes and Miiller cells
(ARAM)’. The term ARAM is “presumed” because to our
knowledge, there is no direct histological evidence in the
current scientific literature that these observable preretinal
changes are indeed activated retinal astrocytes and Miiller
cells. ARAM can be detected using red-free but not standard
colour fundus photography,”” and are much more visible
with Spectral Domain Optical Coherence Tomography (SD-
OCT) and adaptive optics scanning laser ophthalmoscopy
(AO-SLO)." Thus, the combination of increased astrocyte
reactivity in animal glaucoma models with the identification
of the retinal surface changes presumed to be of Miiller cell
and astrocyte origin leads one to hypothesise that ARAM
would be increased in glaucoma.

Miiller cells span the vertical extent of the inner retina,
with their endfeet at the inner limiting membrane (ILM)
and forming the outer limiting membrane at the photore-
ceptor layer.””'®2%?! Astrocytes are found throughout the
retinal nerve fibre layer with close associations with retinal
vasculature acting as part of the blood-retina barrier. Astro-
cyte density decreases towards the retinal periphery and is
absent in the foveal avascular zone.”'®**?? Due to the
location of Miiller cell endfeet at the ILM and astrocytic
perivascular endfeet enveloping the vessels, a posterior vit-
reous detachment (PVD) may tear the endfeet away from
the cell body; a traumatic event to these cells which may
result in their activation.'® This would lead to the hypothe-
sis of ARAM being present either exclusively or with
increased frequency after a PVD occurs.

Presumed ARAM in healthy and glaucomatous eyes

Unlike an epiretinal membrane (ERM), ARAM does not
contract with resulting distortion of the retina, and there-
fore does not lead to symptoms such as reduced visual acu-
ity or metamorphopsia.”” Due to the light scattering
properties of ARAM and its location at the vitreoretinal
interface, it can obscure underlying structures in reflectance
based retinal imaging. Clinically, it has been proposed that
ARAM may mask areas of RNFL loss in POAG patients’
and therefore may pose a problem to both researchers and
clinicians. This study aimed to use a large sample size in an
attempt to replicate the finding reported by Ashimatey
et al.® that ARAM is found in healthy controls, as previous
reports from our literature review all had relatively small
samples.”” This study also tested the hypothesis of a rela-
tionship between ARAM and PVD in healthy controls and
in patients with glaucoma.

Patients and methods

The study was approved by the Institutional Review Board
at Indiana University (USA) and adhered to the tenets of
the Declaration of Helsinki. Informed consent was obtained
from all participants.

Establishing ARAM criteria on SD-OCT

High density macular OCT scans acquired using SD-OCT
(Spectralis™, Heidelberg Engineering, www.heidelbergengi
neering.com) at the Indiana University School of Optome-
try were reviewed retrospectively on glaucomatous eyes
with a known history of ARAM. The high-density protocol
was a rectangular grid 20.0° x 25.0° consisting of 241 B-
scans, automatic real time-function (ART) 9. These scans
were compared to scans taken of the same eyes at the Atwa-
ter Eye Care Center (Bloomington, Indiana, USA) using
the clinical protocol, which is a rectangular grid 30.0° x
25.0° consisting of 61 B-scans, ART 9. The high-density
protocol scans allowed the generation of en face images on
the Spectralis software while the clinical scans did not due
to low sampling. En face images enhance visualisation of
the ARAM from above the ILM (see Figure la), which cor-
responds to the patches of glial alterations seen on the SLO
image (see Figure 1b). These findings are concordant with
previous descriptions of ARAM as patchy, discrete glitter-
ing but transparent changes of the superficial layers of the
retina.” The B-scans revealed a distinct, flat, hyper-reflec-
tive layer at the ILM in areas with these glial alterations (see
Figure Ic). For comparison, these glial alterations were not
easily seen with fundus photography (see Figure 1d). Any
subject with surface wrinkling retinopathy was excluded.
Based on OCT imaging, these three criteria were established
as our definition for identifying ARAM in the absence of
high density en face imaging: (1) a patchy, discrete,
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Figure 1. (a) En face image of an 85-year-old control subject with high myopia and ARAM using a high-density protocol. Patches of hyper-reflectivity
can be seen here in the same locations as the patchy, discrete, glistening lesions on the SLO image in (b). On the B-scan (c), a hyper-reflective line is
seen at the ILM in the glittering area. In comparison, the ARAM cannot be seen in (d) a standard colour fundus photo of the same patient taken
15 min after OCT imaging.

glittering appearance on SLO, (2) a distinct, flat, hyper-re-

. . Inclusion and exclusion criteria
flective layer at the ILM on at least one B-scan crossing the

glittering area and (3) absence of any surface wrinkling. See Common inclusion criteria for both groups included an
Figures 2 and 3 for examples using the clinical protocol. absence of optic nerve or vitreoretinal disease (except for
740 © 2020 The Authors. Ophthalmic and Physiological Optics published by John Wiley & Sons Ltd on behalf of College of Optometrists
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glaucoma in the patient group) during a comprehensive
eye examination, and OCT imaging with quality score of at
least 16 within 2 years of the eye examination for controls
and within 1 year for patients. There were no restrictions
in terms of age, spherical or cylindrical correction, axial
length, or ocular media opacities in either group.

Common exclusion criteria for both groups were ocular
disease (other than glaucoma for the patient group) cur-
rently affecting visual function, a history of intraocular sur-
gery (except for uncomplicated cataract or glaucoma
surgery), eyes with epiretinal membranes or undetermined
vitreal status. The vitreous status was categorised as
attached, detached including partial PVDs, or undeter-
mined based on clinical and imaging data. Careful evalua-
tion for the presence of PVD was made including the
relationship of ARAM to specific areas of detachment in
cases of partial vitreous detachment, see Figure 2.

The control group was chosen from our existing SD-
OCT research database in April 2013. Additional inclusion
criteria included a best corrected visual acuity of 6/9 or bet-
ter and IOP of < 2lmmHg. Additional exclusion criteria
included a positive family history of glaucoma in a first-de-
gree relative or history of ocular trauma. Eyes with undeter-
mined vitreous status (n = 170) were excluded. Both eyes
of 987 subjects were reviewed; 1,337 eyes of 805 subjects
met the inclusion and exclusion criteria.

Medical charts of glaucoma patients seen at the Atwater
Eye Care Center between July 2011 and February 2016 were
retrospectively reviewed. For the patient group, the inclu-
sion criteria were clinically diagnosed glaucoma (all forms
except for traumatic glaucoma). Eyes with undetermined
vitreous status (n = 15) were excluded. A total of 375 eyes

Presumed ARAM in healthy and glaucomatous eyes

of 204 patients with glaucoma were reviewed. Of these, 126
right eyes and 124 left eyes of 146 patients had usable data.
Analysis of right and left eyes were performed separately.
Figure 3 shows an example of a typical OCT scan of a glau-
coma patient with ARAM.

Statistical analysis

Frequency tables were generated, and chi-square analysis
was used to describe the relationships between the categori-
cal variables. This was an exploratory study, and so the level
of significance was set as a p-value < 0.05. Statistical analy-
ses were performed using SPSS version 24.0 (IBM Corp.,
www.ibm.com). To avoid inherent correlation between eyes
from the same subject, analysis was performed on the right
and left eyes separately. Right eyes were used in the primary
analysis, and the left eyes in the secondary analysis to con-
firm the findings from the primary analysis. This allowed
us to assess data reproducibility. Controls were first anal-
ysed to determine ARAM relationship to PVD, age and sex,
and then age-similar sex-matched controls were randomly
selected [using a random number generator from Microsoft
Excel (www.microsoft.com)] from the pool of controls
with usable data to be compared against patients with glau-
coma.

Results

ARAM is found in both healthy controls and glaucoma
patients at similar proportions. ARAM was only found in
eyes that had a PVD, and in the case of partial PVDs was
only seen in an area under the detached vitreous face. The

Figure 2. In 23, the arrow points to a very small patch of ARAM in the SLO image. In 2b, a hyper-reflective layer is seen at the ILM in the B-scan at
the same location as the ARAM lesion on the SLO. A partial PVD with detachment in the area of the ARAM is also evident here. There are several other
small patches of ARAM seen in (a) but could not be captured due to the sparse sampling of B-scans.
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Figure 3. Series of SD-OCT scans of a patch of ARAM in a glaucoma patient (a through c). On the left, the patchy glistening ARAM can be clearly
visualized in the SLO image. On the right, a corresponding hyper-reflective line at the ILM can be seen in the same location depicted by the arrows.

The bottom scan (d) is inferior to the ARAM, the hyper-reflective line is absent here.

742 © 2020 The Authors. Ophthalmic and Physiological Optics published by John Wiley & Sons Ltd on behalf of College of Optometrists
Ophthalmic & Physiological Optics 40 (2020) 738-751



H Cheung et al.

presence of ARAM was not associated with sex or glau-
coma.

Healthy controls: Age distribution

The age of healthy controls ranged from 8 to 90 years of
age; see Figure 4 for age distribution. From the 805 con-
trols, 712 right eyes and 625 left eyes had usable data. The
association between ARAM and PVD, age and sex was anal-
ysed.

Healthy controls: ARAM and PVD

A chi-square test of independence showed a significant
relation between ARAM and PVD, right eye y’
(1, N=712)=71.867, p<0001, left eye %°
(1, N = 625) = 59.477, p < 0.001, both with a moderate
effect size; right eye ¢ = 0.318, left eye ¢ = 0.308. ARAM
was found in 16% of right control eyes and 15% of left con-
trol eyes, and only in those eyes that had a PVD. ARAM
seems to occur almost exclusively in older subjects with a
PVD. See Tables 1 and 3 for a summary.

Healthy controls: Effect of age on ARAM and PVD

To specifically look at the effect of age, two age groups (20—
40 and 60-80 years) were selected. A chi-square test of
independence was calculated comparing the frequency of
PVD in these two age groups. As expected, a significant
age effect was found in each eye: right eye, ’
(1, N =528) = 344.79, p < 0.001, with higher age being
more likely to have a PVD (¢ = 0.81), and also left eye, e
(1, N = 449) = 285.54, p < 0.001, with a strong effect size
(¢ = 0.80), see Tables 1 and 2 and Figure 5. ARAM also
showed an association with age with a moderate effect size:

Presumed ARAM in healthy and glaucomatous eyes

right eye 2 (1, N = 528) = 46.72, p < 0.001, ¢ = 0.297,
and left eye x> (1, N = 449) = 38.61, p < 0.001, ¢ = 0.29.
PVD occurred in 4% of the young control group compared
to over 80% of the older control group, see Tables 1-3 and
Figure 6.

Healthy controls: ARAM and sex

The association between ARAM and sex did not reach sta-
tistical significance. There was essentially the same percent-
age of males and females with ARAM (see Tables 1 and 3).

Glaucoma patients: ARAM and PVD, primary analysis

Using only the right eyes in our primary analysis, 126 glau-
comatous eyes (mean age 67.54, range 28-92, S.D. 11.18)
of 58 males and 68 females were compared against 126 age-
similar, sex-matched controls (mean age 66.65, range 28—
90, S.D. 10.97). Of these controls, 100 out of 126 (79%)
had a PVD compared to 92 of 126 (73%) in glaucomatous
eyes. Thus, PVDs were found at very similar rates in both
groups. In the glaucomatous group with a PVD, 21 of 92
(23%) had ARAM, compared to 19 out of 100 (19%) in the
control group with PVD. Again, ARAM was found to be
associated with PVD in both matched controls and glauco-
matous eyes with small to moderate effect size, x2
(1, N = 126) = 5.82,p = 0.016 and * (1, N = 126) = 9.31,
p = 0.002. See summary of glaucoma patients and their
matched controls in Table 4.

Glaucoma patients: ARAM and glaucoma, primary
analysis

A chi-square test of independence was calculated compar-
ing the frequency of ARAM in the age-similar, sex-matched

Age distribution by decade in controls

250

200

Number of subjects

150
100
10 20 30 40 50 60 70 80

Age by decade

Figure 4. The age of controls is distributed by decade. The large sample of subjects in their 20's is due to a large number of optometry students.
There was only one subject below the age of 10 and one subject who was 90, they were grouped into the next closest decade category in this and

subsequent figures.
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Table 1. Frequencies of ARAM in healthy controls

Right Eye Left Eye
ARAM — ARAM + ARAM — ARAM +
ARAM and PVD
PVD — 435 0 385 0
PVD + 234 43 (16%) 205 35 (15%)
ARAM and Age
20-40 289 0 245 0
60-80 203 36 (15%) 174 30 (15%)
ARAM and Sex
Male 305 19 (6%) 264 15 (5%)
Female 364 24 (6%) 326 20 (6%)

Table 2. Frequencies of PVD in healthy controls separated into two
age groups

Right Eye Left Eye
PVD — PVD + PVD — PVD +
PVD and Age
20-40 278 (96%) 11 (4%) 236 (96%) 9 (4%)
60-80 40 (17%) 199 (83%) 38(19%) 166 (81%)

control and glaucomatous groups. The association between
ARAM and glaucoma did not reach statistical significance;
thus having glaucoma does not increase the likelihood of
having ARAM, see Tables 5 and 6.

Glaucoma patients: Secondary analysis

Using the left eye in the secondary analysis, the results were
very similar, supporting our findings from the primary
analysis. PVD showed a significant association with ARAM,
but the association between ARAM and glaucoma did not
reach statistical significance. See Table 4 for a summary of

H Cheung et al.

results from patients and the matched controls, and
Tables 5 and 6 for comparisons between the right and left
eyes.

Discussion

In this present study using SD-OCT, we were able to visu-
alise and differentiate ARAM from the RNFL. ARAM is
common and was seen in approximately 15% of healthy
eyes. It was found in both healthy controls and glaucoma-
tous eyes at similar rates. The association between ARAM
and age as well as ARAM and PVD reached statistical sig-
nificance with a moderate effect size (see Table 3). Since
PVD is typically an age-related event, excluding other
causes such as trauma, it is likely that the association
between ARAM and age is partially explained by PVD.

In the past, studies investigating ARAM mainly focused
on patients with glaucoma and had few if any controls. It
was reported that ARAM was not found in healthy sub-
jects,”® and unrelated to age or eye-side.”'” ARAM was
more frequent in female patients,” while patients with pro-
gressive field loss had a higher prevalence of ARAM
(86.7%) compared to those without progressive field loss
(14.3%).° In 1993, Graf et al. found ARAM in 87% of
POAG patients (n = 45), but none in the controls
(n = 10).° In 2007, Grieshaber et al. observed that more
female patients with POAG (41%) had ARAM when com-
pared with male patients (18%), and suggested a relation-
ship between peripheral vascular dysregulation in females
and the development of ARAM.” His study examined 186
eyes from 93 POAG patients, but had no control group. In
a later study of 32 eyes from 19 patients with POAG, they
noted ARAM in 84% to 95% of left and right eyes, respec-
tively, but none in 58 eyes of 35 age-matched control sub-
jects.” In 2017, Nutzi et al. studied 18 eyes of 12 patients
with POAG and found that testing with
microperimetry, local areas with ARAM exhibited lower

when

Percent of PVDs by decade in controls
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Figure 5. As age increases, the percentage of subjects with PVD increases.
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Percent with ARAM by decade in controls

mOoD
oos

Percent with ARAM

10 20 30 a0 50 60 70 80

Age by decade
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Percent of PVDs with ARAM by decade in controls

m 0D
10 oos

Percent of PVDs with ARAM

10 20 30 a0 50 60 70 80

Age by decade

Figure 6. On the left, the percent of subjects with ARAM by decade, and on the right, percent of subjects with a PVD and ARAM by decade. Similar
trends are seen between the two eyes in both cases. Numbers in the 80°s group are small and likely produce the greater difference between the two

eyes. OD, right eye; OS, left eye.

Table 3. Statistical output for each variable in healthy controls

Right Eye Left Eye
p- p-
x> value* ¢ 12 value* ¢
ARAM and 71.867 0.000 0.318  59.477 0.000 0.308
PVD
ARAM and 46.717 0.000  0.297 38.609 0.000 0.293
Age
ARAM and 0.032 0.858 - 0.048 0.827 -
Sex
PVD and 344.788 0.000 0.808 282.544 0.000 0.793
Age

%, Chi-square; ¢, Effect size.
*P-value by the Chi-square test

sensitivity when compared to regions without ARAM.'” In
addition, they found that the density of ARAM was inver-
sely correlated with average retinal sensitivity, as well as
with the corresponding circumpapillary RNFL sector thick-
ness, concluding that a larger quantity of ARAM in patients
with POAG is a clinical sign indicating a more advanced
stage of the disease. In 2018, Ashimatey et al. investigated
the association between glaucomatous abnormality and the
presence, extent and spatial distribution of ARAM, and
found that the surface area of ARAM can be a potential
predictor of glaucoma damage,® in line with findings of
Nutzi et al."” In addition to a glaucoma group between 40—
85 years of age, Ashimatey et al. also included two control
groups; a similar aged control group (n = 38), and a
younger control group(n = 35) between 21-35 years of
age. This was the first study we found that reported ARAM
in healthy age-similar controls as well as an effect of age.
The contradictory findings on controls and age raises the
question of whether ARAM may be a glaucoma-specific
finding as previously suggested, a normal finding that can
be exacerbated by disease processes such as glaucoma, or

whether the discrepancies are due to the different methods
and technologies used in each study. Firstly, different age
groups were used across studies. Grieshaber et al. con-
cluded there was no effect of age when comparing 93
patients having an average age of 68.6 £ 8.1 years and
65.6 £ 13.6 years in groups with and without ARAM,
respectively.” Nutzi et al. concluded there was no effect of
age in a group of 12 patients with an average age of
77.6 £ 7.2 years.'” In agreement with Ashimatey et al.’
the present study found a significant age effect. Addition-
ally, ARAM was noted in healthy age-similar controls at
similar frequencies to patients with glaucoma. This may be
explained by having a younger control group as well as the
age-similar control group, which was not the case for any
of the previous studies other than Ashimatey et al.® Sec-
ondly, advances in technology can make a significant differ-
ence. Both this investigation as well as Ashimatey et al.
used the Heidelberg Spectralis™ to gather SD-OCT and
SLO images. This is superior to previously used techniques
such as laser-scanning funduscopy, red-free fundus photog-
raphy and time-domain OCT.””'” Nevertheless, despite
using different imaging technologies, we were able to iden-
tify patchy, discrete and glittering changes to the superficial
retina, and it is reasonable to assume we were identifying
the same structures as previous studies but with higher
axial and lateral resolution and image quality. Thirdly,
most of the previous studies had small sample sizes with
either no or only a small control groups. Our larger sample
size (250 eyes from 146 glaucomatous patients and 1,337
eyes from 805 controls) may also account for these differ-
ences. Lastly, we analysed the right and left eyes separately,
whereas previous studies pooled both eyes in their analysis.
Our separate analysis allowed us to demonstrate repro-
ducibility in the data and strengthen support for our find-
ings. Grieshaber et al. reported a higher incidence of
ARAM in females with peripheral vascular dysregulation, as
well as ARAM being moderately related to the stage of
POAG as quantified by the mean defect (MD).” We did not

© 2020 The Authors. Ophthalmic and Physiological Optics published by John Wiley & Sons Ltd on behalf of College of Optometrists 745

Ophthalmic & Physiological Optics 40 (2020) 738-751



Presumed ARAM in healthy and glaucomatous eyes

Table 4. Characteristics of glaucoma patients and matched controls

H Cheung et al.

Right Eye Left Eye

Control Glaucoma Control Glaucoma
Age (years) 66.65 + 10.97 67.54 £ 11.18 66.68 + 10.56 67.54 + 11.64
Range (years) 2810 90 281092 2810 90 2810 95
Sample size 126 126 124 124
Male 58 (46%) 58 (46%) 60 (48%) 60 (48%)
Female 68 (54%) 68 (54%) 64 (52%) 64 (52%)
PVD 100 (79%) 92 (73%) 95 (77%) 91 (73%)
PVD with ARAM 19 (19%) 21(23%) 16 (17 %) 14 (15%)

Table 5. Number of people with ARAM in glaucoma and control
groups

Right Eye Left Eye
ARAM-— ARAM + ARAM — ARAM +
ARAM and PVD
Control
PVD — 26 0 29 0
PVD + 81 19 79 16
Glaucoma
PVD — 34 0 33 0
PVD + 71 21 77 14
ARAM and Glaucoma
Group
Control 107 19 108 16
Glaucoma 105 21 110 14
ARAM and Glaucoma with PVD
Group
Control 81 19 79 16
Glaucoma 71 21 77 14

Table 6. Statistical output for association between ARAM, PVD, and
glaucoma

Right Eye Left Eye
p- p-
12 value* ¢ x> value* ¢

ARAM and PVD 9.313 0.002 0.272 5.723 0.017 0.215

ARAM and 0.119 0.730 - 0.152 0.697 -
glaucoma

ARAM and 0.425 0.514 - 0.073 0.787 -
glaucoma with

PVD

x?, Chi-square; ¢, Effect size.
*p-value by the Chi-square test

find a significant effect of sex, but did not examine the rela-
tionship between peripheral vascular dysregulation and
ARAM. The relationship between ARAM and the severity

of glaucoma was assessed using the modified glaucoma
staging system (mGSS).> While this method of staging
glaucoma was easy to understand and implement, it was
too conservative, which resulted in too few visual fields
being classified as moderate and none as severe. As such,
meaningful statistics could not be performed using the
mGSS (data not shown). Table 7 shows a summary of pre-
vious reports of ARAM prevalence.

In previous studies, only POAG and NTG patients were
used. To maximise our sample size, we included all types of
glaucoma except for traumatic glaucoma, but by doing so,
unknown variables may have been introduced into the data
that we did not account for. Of the 126 glaucomatous right
eyes and 124 glaucomatous left eyes, 81 and 84 had POAG,
respectively. When evaluating the presence of ARAM, the
control eyes were assessed by one clinician while the glau-
comatous eyes were assessed by a second clinician. This
may have introduced observer biases even though the same
criteria were used. While assessing glaucomatous eyes, it
was noted that some eyes had a typical ARAM appearance
on SLO, although no hyper-reflectivity was seen on the
B-scan, and vice versa. The clinical protocol with 61
B-scans may have been too sparse to capture small ARAMs
that fell between the scans (around 116-146 um). In the
preretinal glial classification by Edwards et al., a glial sprout
is the smallest and simplest preretinal glial structure, and
can extend between 100-200 um.'® Therefore, small glial
sprouts may be missed with the clinical protocol adopted
here. On the other hand, glial blooms, which can extend
between 200 and 800 pm, and glial membranes, which
extend more than 500 pum in all directions, should be read-
ily observed with our clinical protocol.'® The high-density
protocol with a denser sampling of 241 B-scans would be
more appropriate because the distance between B-scans is
much smaller, approximately 30-31 pm, but it is not prac-
tical in a clinical setting. While our imaging results are con-
sistent with the immunohistochemical findings reported by
Edwards et al.,'® we did not characterise the appearance in
as much detail, nor did we attempt to spatially quantify the
ARAM. We also found that many eyes had a distinct
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Table 7. Summary of previously reported ARAM prevalence compared to the present study

n Summary
Graf etal. 1993
Control Subjects 15 e ARAM was not found in healthy controls
Eyes X e ARAM was found in 14.3% of POAG patients with nonprogressive visual field loss in 5 years
Glaucoma Subjects 45 e ARAM was found in 86.7% of POAG patients with progressive visual field loss
Eyes X e ARAM was found in 68.8% of NTG patients
e Prevalence of ARAM may not be the same in all glaucomas
Grieshaber et al. 2007
Control Subjects 0 e ARAM was found in 32.8% of POAG eyes
Eyes 0 e More female patients (40.9%) had ARAM compared to male patients (18.4%)
Glaucoma Subjects 93 o ARAM was strongly related to peripheral vascular dysregulation
Eyes 186 e ARAM was moderately related to stage of POAG quantified by Doctor
e ARAM was not related to age or eye-side
Grieshaber et al. 2012
Control Subjects 35 e ARAM was not found in age-matched healthy controls
Eyes 58 e ARAM was found in 84.21% to 94.79% of POAG eyes
Glaucoma Subjects 19 o ARAM may compensate or mask RNFL loss
Eyes 32 e Time-domain OCT is unable to visualize and differentiate ARAM from RNFL
Nutzi et al. 2017
Control Subjects 0 e Targeted specifically POAG patients with ARAM
Eyes 0 e The proportion of ARAM per eye correlated inversely with retinal sensitivity and corresponding RNFL sec-
Glaucoma Subjects 12 tor thickness
Eyes 18 e Higher density of ARAM in an eye may be a clinical and structural sign for more advanced glaucoma
Ashimatey et al. 2018
Control Subjects 35 o ARAM was found in 55% of older controls but not in younger controls, showing an age effect
(younger) Eyes 35 e ARAM was found in 73% of patients with glaucoma
Control (older)  Subjects 42 e Patients with glaucoma tend to have larger retinal areas with ARAM
Eyes 42 e Extent of ARAM and its distribution was not predictive of retinal hemifield with the most damage
Glaucoma Subjects 38
Eyes 38
Cheung et al. 2020
Control Subjects 805 o ARAM was found in 15% to 16% of healthy controls
Eyes 1337 e ARAM was found in 15% to 23% of patients
Glaucoma Subjects 146 e ARAM was found in 17% to 19% of age-similar sex-matched healthy controls
Eyes 250 e ARAM was found to be related to age as well as posterior vitreous detachment
o ARAM was not found to be related to sex

hyperreflective line on the B-scan but no corresponding
ARAM lesion on the SLO image. In an exploratory analysis,
we redefined the presence of ARAM based solely on the B-
scan image, and found 41% to 46% of post PVD glaucoma-
tous eyes had ARAM. It is possible that some patches of
ARAM are too small to be visualised with the SLO image.
In addition, the clinical protocol uses a 30.0° x 25.0° scan
centred at the macula. ARAM that fall outside this area,
including part of the superior and inferior temporal arcades
and all of the nasal retina will not be detected. Considering
these factors, we may be underestimating the true preva-
lence of ARAM due to low B-scan sampling and the limited
scanned area in the clinical protocol. Additionally, our
glaucoma group had a low number of patients with
advanced disease and patients were generally well con-
trolled. Therefore, it remains possible that ARAM is actu-
ally elevated in glaucoma patients with advanced disease or

progression, which would run counter to the results found
in this study for those individuals with largely non-progres-
sive stage 0 and 1. We found that ARAM occurred in 15%—
23% of patients and 17%—19% of age-similar controls. This
is similar to the 14% of a non-progressing POAG group
reported by Graf et al.° If ARAM occurs post PVD due to
the mechanical avulsion of Miiller cells and astrocytic end-
plates, then stage 0 and 1 subjects would be very similar to
the controls, whereas advanced glaucoma, with loss of most
of the nerve fibre layer, leaves the vessels exposed at the
retinal surface and perhaps the astrocytes more susceptible
to damage by the process of vitreal detachment. This leaves
open the possibility that stage 4 and 5 eyes would have
higher rates of ARAM. Even though the percentage of sub-
jects with ARAM were similar between the control and the
glaucoma group, we are limited by a categorical variable of
“yes or no” in regard to the presence of ARAM. A
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Figure 7. Series of SLO images from the SD-OCT of a control subject
over a period of four years showing temporal changes in ARAM. (a) The
initial scan taken in 2009, multiple small patches of ARAM can be seen
depicted by the arrows. (b) Scan taken in 2012. Much of the ARAM in
(a) has faded, with some new areas of ARAM developing. (c) Scan taken
in 2013 continues to show changes in ARAM.
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continuous variable such as quantifying the percentage area
covered by ARAM may be more helpful, as it has previously
been identified as a potential biomarker for retinal ganglion
cell (RGC) health'® and the severity of glaucomatous dam-
age.>!” To resolve the relationship of ARAM to glaucoma,
and especially to the severity of glaucoma, including sub-
jects with more advanced glaucomatous disease would be
informative.

Glial cell activation is a non-specific injury response of
the CNS.” As such, the development of ARAM is likely
multifactorial depending on the injuries sustained by the
retina. With close proximity to retinal vasculature and
increased evidence of vascular dysregulation in the patho-
genesis of glaucomatous damage, it is not surprising that a
strong relation between peripheral vascular dysregulation
and ARAM has previously been reported.” Interestingly,
Schwab et al. recently reported a higher prevalence of PVD
in patients with glaucoma compared to controls. They sug-
gested that this finding may be attributed to increased
oxidative stress in the RGC layer in glaucoma, and that an
increase in reactive oxygen species at the vitreoretinal inter-
face may be accelerating the liquefaction of the vitreous
leading to earlier PVD.** We found a strong association
between ARAM and PVD, which may be explained by dam-
age to the Miiller cells and astrocytic endfeet. If ARAM
develops after a PVD, and more frequently in glaucoma
patients, then there are mechanisms that might explain this.
Underlying activation of glial cells in glaucoma may be a
contributing factor, making them more prone to express
GFAP in response to the trauma experienced with a PVD.
Another factor may be changes in the retinal anatomy seen
in glaucoma with the thinning of the RNFL. This results in
relative prominence of the blood vessels compared to those
of a non-glaucomatous patient where the blood vessels are
largely embedded in the RNFL. With this alteration in the
anatomy, there may be enhanced trauma to the astrocytic
endfeet surrounding retinal blood vessels at the ILM during
the process of a PVD. This seems increasingly likely in
patients with progressive or advanced stages of glaucoma,
perhaps explaining the higher frequency of ARAM reported
by Graf et al.® and the larger surface area of ARAM sug-
gested by Nutzi et al.'” and Ashimatey et al.?

Glial cell activation appears to be a dynamic process.
Seven healthy subjects free of eye disease were imaged over
intervals ranging from months to years using SLO with
OCT and AO-SLO. One patient was imaged over four years
with SLO and another imaged on two occasions approxi-
mately three months apart by AO-SLO, see Figures 7 and 8,
respectively. While the numbers of subjects is small, their
images show that ARAM changes over time. Figure 7 illus-
trates this change in a series of SLO images where patches
of ARAM become less distinct and less extensive over time
while new lesions arise. Figure 8 shows a patch of ARAM
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Figure 8. AO-SLO images of ARAM in a healthy control. Image (b) was taken 3 months after image (a) and shows substantial remodeling in this
short time frame, similar to the waxy membranes described by Scoles et al."®
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Figure 9. Glaucomatous eye with both ERM and ARAM seen in distinct OCT sections. Note the increased reflectance seen on SLO without retinal dis-
tortion with ARAM (a) and the retinal distortion but lack of increased reflectance on SLO with ERM (b). This occurs even though each type of lesion
has increased signal at the ILM on OCT B-scan images.
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(using AO-SLO) that changes in size and shape over three
months. A well-designed longitudinal study with a larger
sample size is required to understand the natural history of
ARAM.

A limitation of this study is the potential to confuse the
hyperreflective structures with ERMs or specular reflec-
tions. Some patches seen on SLO may be early ERM
changes that cannot be differentiated from ARAM, or per-
haps ARAM and ERMs fall on a continuum of superficial
glial changes with different factors causing it to grow,
regress or contract. Eyes with any obvious signs of ERM
were excluded, even if the eye also had ARAM (see Fig-
ure 9). Specular reflection is the ‘retinal sheen’ commonly
seen during ophthalmoscopy or in colour fundus pho-
tographs of healthy young retinas, but is rarely observed in
older eyes. Specular reflection has a bright bleached appear-
ance and can change in shape, location and size in subse-
quent images. It does not manifest as a distinct, flat,
hyperreflective line at the ILM on OCT. In contrast, ARAM
has a glistening appearance, and this spatially varied bright-
ness is indicative of some form of texture and structure. In
addition, these glistening areas have a distinct, flat, hyper-
reflective line at the ILM on OCT, and have consistent
shape, location and size when imaged over a short period
of time. These observations were confirmed when eyes with
multiple images from different visits were available. There-
fore, it is unlikely that the hyperreflectivity from ARAM
was confused with that of specular reflection, especially in
the older control subjects and patients with glaucoma.

ARAM forms a dense irregular meshwork that increases
reflectance. Due to its light scattering properties, ARAM
may complicate imaging techniques by hiding or decreasing
the signal from underlying retinal structures and it has been
suggested to mask RNFL loss.” It may be possible to seg-
ment ARAM and remove it from RNFL thickness measure-
ments on OCT. However, ARAM also appears to behave
dynamically; new lesions may proliferate in areas of recent
and ongoing PVD while post-PVD lesions begin to regress
and fade (see Figures 8 and 9). Due to our small sample of
longitudinal imaging with either SD-OCT or AO-SLO in
the controls (N = 7), it is unclear how quickly and to what
extent ARAM changes over time; whether it continually
grows and spreads, regresses and disappears, or remains
stable at some point in its natural history. If ARAM does
undergo a dynamic process of proliferation and regression,
the same segmentation may not apply longitudinally to
subsequent scans. In this case, resegmentation at each visit
may be required, which is both inconvenient and unrealis-
tic in a clinical setting. More interestingly, recent studies
using reflectance-based en face images to visualise RNFL
defects have shown great potential in clinical decision mak-
ing and compatibility with other structural and functional

H Cheung et al.

testing,” *®* and methods to mitigate the presence of

ARAM have been proposed.*’

In conclusion, ARAM can be detected using SD-OCT in
a clinical setting. PVD seems to be a necessary but not a
sufficient factor for the presence of ARAM in both normal
and glaucomatous eyes, while there may be a higher inci-
dence in glaucoma. The impact of ARAM on the manage-
ment of glaucoma remains unclear.
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