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Chloé Chamard, Lionel Bretillon, et al.

Macular Pigment and Open-Angle Glaucoma in the Elderly: The Montrachet
Population-Based Study
Reprinted from: J. Clin. Med. 2022, 11, 1830, doi:10.3390/jcm11071830 . . . . . . . . . . . . . . . . 63

Adela Magdalena Ciobanu, Vlad Dionisie, Cristina Neagu, Otilia Maria Bolog, Sorin Riga

and Ovidiu Popa-Velea

Psychopharmacological Treatment, Intraocular Pressure and the Risk of Glaucoma: A Review
of Literature
Reprinted from: J. Clin. Med. 2021, 10, 2947, doi:10.3390/jcm10132947 . . . . . . . . . . . . . . . . 75

Barbara Cvenkel and Miriam Kolko

Devices and Treatments to Address Low Adherence in Glaucoma Patients: A Narrative Review
Reprinted from: J. Clin. Med. 2023, 12, 151, doi:10.3390/jcm12010151 . . . . . . . . . . . . . . . . 93

Josefine C. Freiberg, Anne Hedengran, Steffen Heegaard, Goran Petrovski, Jette Jacobsen,

Barbara Cvenkel and Miriam Kolko

An Evaluation of the Physicochemical Properties of Preservative-Free 0.005% (w/v) Latanoprost
Ophthalmic Solutions, and the Impact on In Vitro Human Conjunctival Goblet Cell Survival
Reprinted from: J. Clin. Med. 2022, 11, 3137, doi:10.3390/jcm11113137 . . . . . . . . . . . . . . . . 113
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Glaucoma is the second leading cause of blindness in people over 50 years of age
worldwide, and with the ageing population, this number will continue to rise, resulting
in a reduced quality of life for these people and an increased social and economic burden
on society [1,2]. Since visual impairment due to glaucoma is preventable, timely detection
and treatment is critical. This Special Issue of the Journal of Clinical Medicine (JCM) contains
10 articles, of which 6 are research articles and 4 are review articles, addressing issues of
diagnosis, treatment and new perspectives in the field of glaucoma.

In a paper on rapid campimetry, a novel screening method for glaucoma diagnosis,
it was shown to be comparable and even better than 10-2 standard automated perimetry
in detecting central macular scotomas [3]. It uses a bright, fast-moving target on a high-
contrast background that is perceived as interrupted in the scotoma area. From a distance
of 40 cm, the diameter of the moving target depends on the distance to the fixation point
and increases with increasing distance from the fixation point. The method is promising
for glaucoma screening in the future. It is fast and can be used on a commercially available
computer connected to the internet.

Telehealth, i.e., the provision of health care to patients remotely using voice and image
communication via a computer or smartphone, was widely used during the coronavirus
pandemic. To ensure adequate care for the growing population of glaucoma patients,
telehealth and new devices that enable the detection and monitoring of glaucoma will
become increasingly important in the future. This review provides an overview of available
devices for intraocular pressure measurement, perimetry and fundus photography in a
home setting, as well as implemented telehealth programmes for glaucoma screening, mon-
itoring and assessment of glaucoma severity for treatment planning [4]. Ophthalmologists
can review results remotely and stratify patients, particularly those with mild to moderate
glaucoma and suspected glaucoma, while those with uncontrolled or severe glaucoma
should receive an in-person visit. The telehealth approach is cost-effective and particularly
beneficial for patients with limited access to healthcare, i.e., in rural areas.

Many eye departments in hospitals are struggling with capacity problems because
the increase in newly diagnosed cases is not matched by a proportional increase in the
number of ophthalmologists. This inevitably leads to limited access for new patients
and an increase in the time between follow-up appointments, leading to the risk that the
progression of glaucoma is not detected in time. One solution for the existing number
of ophthalmologists is to increase efficiency by offering alternative methods for a safe
glaucoma care setting. Simons and colleagues have investigated two alternative schemes
for glaucoma care within a hospital, namely shared care and virtual clinics [5]. Both shared
care and virtual clinics were found to be safe, cost-effective and acceptable for the care of
stable glaucoma patients at low risk of vision loss [5]. The most common non-medical staff
involved were optometrists. Patients appreciated the shorter waiting times and did not feel
disadvantaged by not seeing a doctor. These two alternative approaches are promising and
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allow ophthalmologists to assess high-risk patients more quickly without increasing the
time intervals for other low-risk glaucoma patients.

Macular pigment plays an important role in visual function and protects the retina
from oxidative damage. Macular pigment and glaucoma may be linked through microvas-
cular and oxidative stress processes, both of which have been implicated in the pathogenesis
of glaucoma. The Montrachet population-based study, which included participants aged
75 years and older, compared macular pigment optical density and its distribution between
eyes with primary open-angle glaucoma and control eyes without optic neuropathy [6].
The macular pigment optical density was determined via the two-wave autofluorescence
method using the Heidelberg Retina Angiograph (HRA; Heidelberg Engineering, Hei-
delberg, Germany) and the macular pigment spatial distribution was generated from the
HRA graphs using modified software. Of the 601 eyes, 48 eyes had primary open-angle
glaucoma. There were no differences in the macular pigment optical density and its spatial
distribution between eyes with primary open-angle and control eyes.

In recent years, the availability and use of psychopharmacological treatments have
increased. Ciobanu and co-workers summarise the current knowledge on the risk of psy-
chotropic drug-induced increases in intraocular pressure [7]. Clinicians should be aware of
the possibility of psychotropic drug-induced glaucoma and monitor at-risk patients closely,
especially if treatment includes tricyclic antidepressants, benzodiazepines and topiramate.

Adherence to IOP-lowering treatment is critical in chronic diseases such as glaucoma,
and poor adherence has been associated with faster disease progression [8]. A review
paper discusses several strategies to improve adherence, many of which are still in clinical
trials [9]. These strategies aim to reduce or avoid the need for eye drops and their side
effects. Monitoring devices and smart drug delivery systems, sustained drug delivery
systems, lasers, and minimally invasive glaucoma procedures with and without a device in
combination with cataract surgery are used for this purpose.

Using an in vitro model, Freiberg and co-workers showed that preservative-free la-
tanoprost ophthalmic solutions differed significantly in their physicochemical properties,
including pH, osmolality and surface tension [10]. However, this had no effect on goblet
cell viability or mucin release. Future clinical studies are needed to evaluate the long-term
efficacy and safety of preservative-free eye drops with different physicochemical properties.

Selective laser trabeculoplasty (SLT) is an established method for lowering intraocular
pressure as a first-line treatment or as an adjunct treatment. Treatment with topical steroids
or non-steroidal anti-inflammatory drops after SLT is controversial. A retrospective review
compared the reduction in intraocular pressure between patients who received topical
steroid eye drops for a short time after SLT and those who did not [11]. The success rate
was similar in both groups, showing that short-term topical steroid therapy does not affect
the efficacy of SLT in patients with primary open-angle glaucoma.

Trabeculectomy has been the reference standard for glaucoma filtration surgery for
more than half a century. Antimetabolites used to prevent scarring can cause diffuse
filtering blebs that can be uncomfortable, especially if they are high and overhanging.
Mizuno and co-workers investigated the effects of overhanging blebs on corneal high-order
aberrations using a wavefront analyser [12]. Overhanging blebs after trabeculectomy with
a fornix-based conjunctival flap using mitomycin C resulted in an increase in high-order
corneal aberrations. The proportion of cornea covered by the bleb correlated positively with
the duration of the post-trabeculectomy period and with most of the high-order corneal
aberrations causing visual disturbances in the late post-trabeculectomy period.

Lowering intraocular pressure remains the only clinically available treatment, and
despite controlled IOP, a proportion of patients progress to blindness. Therefore, efficient
neuroprotective therapies would be of great value. The mechanisms underlying retinal
ganglion cell degeneration have been studied in several animal models, which, though
showing different mechanisms of neuronal damage, may share some common degenerative
mechanisms and genetic pathways related to ganglion cell death. Enz and co-workers
used three publicly available RNA-sequencing datasets of animal models of glaucoma and
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screened the shared differentially expressed genes between the three glaucoma models
against the Comparative Toxicogenomics Database to identify novel therapeutics [13].
Using a retinal explant model of retinal ganglion cell degeneration, the authors tested a
number of these compounds to assess the therapeutic/neuroprotective effects of these
drugs. This seems to be a promising approach since, with the increasing use of -omics
technologies, there is a wealth of open data in the field of glaucoma that can be explored.

In summary, this Special Issue provides an overview of new treatment strategies
and future goals in the management of glaucoma. It also contains new findings that may
provide a starting point for new research in this important field.
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Abstract: One of the most important functions of the retina—the enabling of perception of fast
movements—is largely suppressed in standard automated perimetry (SAP) and kinetic perimetry
(Goldmann) due to slow motion and low contrast between test points and environment. Rapid
campimetry integrates fast motion (=10◦/4.7 s at 40 cm patient–monitor distance) and high contrast
into the visual field (VF) examination in order to facilitate the detection of absolute scotomas. A
bright test point moves on a dark background through the central 10◦ VF. Depending on the distance
to the fixation point, the test point automatically changes diameter (≈0.16◦ to ≈0.39◦). This method
was compared to SAP (10-2 program) for six subjects with glaucoma. Rapid campimetry proved to
be comparable and possibly better than 10-2 SAP in identifying macular arcuate scotomas. In four
subjects, rapid campimetry detected a narrow arcuate absolute scotoma corresponding to the nerve
fiber course, which was not identified as such with SAP. Rapid campimetry promises a fast screening
method for the detection of absolute scotomas in the central 10◦ visual field, with a potential for
cloud technologies and telemedical applications. Our proof-of-concept study motivates systematic
testing of this novel method in a larger cohort.

Keywords: automated static perimetry; rapid campimetry; glaucoma; arcuate scotoma; visual field
defect; telemedicine

1. Introduction

Peter Piot, Belgian virologist, director of the London School of Hygiene and Tropical
Medicine, and COVID-19 advisor to the EU Commission, himself became seriously ill with
COVID-19 in mid-March 2020. Since then, the scientific expert on viral diseases has called
himself an expert by experience, indicating his new perspectives on viral diseases. New
perspectives often enable new insights and promote possible solutions. One of us (F.H.), an
ophthalmologist, has recently been diagnosed with normal tension glaucoma, and here,
too, the new perspective of an experienced expert could support the development of a new
examination method.

Glaucoma is one of the most common causes of irreversible blindness worldwide [1].
It is characterized by progressive optic neuropathy and loss of retinal ganglion cells (RGC)
and is associated with visual field (VF) defects. Several approaches are available that allow
for reproducible assessment of functional vision loss [2]. Among these, standard automated
perimetry (SAP) is a common standard subjective visual field test, but it has limitations,
such as response variability [3]. In fact, there have been many recent developments in
the field of VF testing in glaucoma and its utility in clinical practice, such as “portable
brain-computer interface” [4] or “fundus-tracked perimetry” [5]. Recent evidence from
functional and structural testing [6,7] indicates that the macula is affected at early stages
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of glaucoma. This suggests the importance of central visual field testing, e.g., the 10-2
SAP testing algorithm, for the earlier detection of central VF damage besides its pivotal
association with quality of life in affected individuals [8–10]. This motivates further studies
to provide better evidence-based guidelines for testing the central 10–20◦ of the visual field.

Conventional perimetry employed in testing VF limits the detectability of early VF
defects in glaucoma and might not be optimal to aid in the salvaging of retinal ganglion
cells (RGCs) from permanent damage. Early histological studies revealed that 20–40% of
RGCs are lost prior to any detectable VF defects on conventional perimetry [11]. Several
psychophysical techniques have been adopted, aiming to spot glaucoma damage at its
earliest stages, including tests employing motion perception. Although not widely adopted,
several studies have indicated abnormal motion perimetry in glaucoma [12,13], even at
early stages, i.e., ocular hypertension [14,15].

In the present work, the perspective of an experienced expert (F.H.) served to explore
a novel examination method for better understanding and earlier detection of VF defects
based on the following case observation: In March 2017, F.H. observed a visual field defect
on his right eye while rubbing the left eye. At the desk, a scotoma was identified as lying
within the central 10◦ of the VF and was established as an arcuate scotoma in the superior
temporal visual field, in analogy to locating the blind spot with a moving coin while fixating
at a central point (Figure 1a). In June 2019, a second arcuate scotoma became apparent
in the same eye (Figure 1a), it was unnoticed by Octopus 301 SAP (30◦, Figure 1b) and
was confirmed by Humphrey Field Analyzer (HFA3) 10-2 testing, applying 68 test points
in the central 10◦ visual field (Figure 1c). Attempts to make the perceived visual field
loss subjectively more salient utilized the observation that a small light, travelling rapidly
through the visual field defect, was perceived as interrupted in the area of the scotoma.
This insight was translated into the VF-testing method, i.e., rapid campimetry, which is
described in the present paper. As proof-of-concept, it was applied in an additional five
subjects with advanced glaucoma-related visual field defects.
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Figure 1. F.H. Visual field findings. (a) Sketch of the grey, drawn scotoma in the visual field of the
right eye subjectively perceived by F.H. (first scotoma—one arrow, second scotoma—two arrows).
(b) 30◦ field of view examined with Octopus 301. The scotoma is dark grey in the temporal upper field
of view, the blind spot is shown in white. (c) 10◦ central visual field examined with the Humphrey
Field Analyzer (HFA3). The absolute scotoma is black in the temporal superior visual field, and the
relative scotoma is dark grey in the temporal and nasal superior visual fields. (d) Red and green dots,
connected by a grey line, represent the beginning and end of the scotoma in the paramacular visual
field after the screening procedure. One arrow marks the first scotoma, two arrows marks the second.
(e) The 15◦ central visual field findings of scotoma delineation campimetry. After finding the two
scotomas in the screening procedure, the exact scotoma borders were determined. The four grey spots
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between the arcuate scotoma and blind spot (black) represent the presumed scotoma course. In this
area, the test point is thicker than the narrow scotoma and therefore does not become invisible. When
the test dot moves quickly, a brightness difference is perceived here, indicating the defect.

2. Materials and Methods

2.1. Subjects

Five glaucoma patients (see Table 1 for demographic data), besides F.H., with central
visual field defects were enrolled in this proof-of-concept study, which followed the tenets
of the Helsinki Declaration and was approved by the local university hospital, after giving
written informed consent. All subjects already had established glaucoma and met the
inclusion criteria for open-angle glaucoma (n = 6, age 50 years or older) with an open
anterior chamber and typical glaucomatous optic disc damage defined by a vertical cup
ratio ≥ 0.7, retinal nerve fibre layer defect or localized rim depression, and glaucomatous
visual field defects [16].

Table 1. Demographic data of the subjects.

Gender
Age

[Years]
BCVA

[logMAR] OD
BCVA

[logMAR] OS
MD 10-2
OD [dB]

MD 10-2 OS
[dB]

S1 m 81 0.0 0.2 0.29 −15.48
S2 f 80 0.80 0.4 −14.52 * −1.73 *
S3 m 55 −0.1 −0.1 1.20 −3.64
S4 m 70 0.0 0.1 −10.77 −1.03
S5 f 62 0.0 0.0 −0.40 −13.30

S: Subject; m: male; f: female; BCVA: Best corrected visual acuity; OD: right eye; OS: left eye; logMAR: logarithm of
minimal angle of resolution; MD: mean visual field deviation of 10-2 SITA standard VF; dB: Decibels; * 10-2 SITA
fast protocol.

2.2. Standard Automated Perimetry Check (SAP)

Visual field defects were assessed using the 10-2 standard algorithm (subjects 1, 3,
4, 5 and F.H.) or 10-2 SITA Fast (subject 2) of the Humphrey Field Analyzer 3 (Carl Zeiss
Meditec AG, Jena, Germany). The test stimulus was 4 mm2 in size (equivalent to a size III
Goldmann stimulus, i.e., 0.43◦) and presented for 0.2 s.

2.3. Rapid Campimetry

Following the observation that a small light passed rapidly through the visual field
defect is perceived as interrupted in the area of the defect, the central 10◦ visual field is
tested in rapid campimetry with a bright test dot (140 cd/m2) on a dark screen (0.8 cd/m2)
at a viewing distance of 40 cm (Figure 2). The visual field of the campimetry is extended
temporally to 15◦ adjacent to the area of the blind spot to ensure that the patient understands
the principle of the test by signalling the disappearance of the dot in the area of the blind
spot. In the centre of the screen, there is a clearly visible cross as a fixation target (1.39◦
diameter) with lower brightness than the test marker.

The size of the test point was chosen to be as small as possible, such that it would
not overlap the scotoma, while having good visibility at the same time. Because of the
decreasing resolution from the centre to the periphery, the size of the test point increased
with increasing distance from the fixation target. The optimal test point size was determined
subjectively in pilot experiments (Table 2) and was 1.05 mm (0.16◦) near the fixation point
at a distance of 40 cm between the subject and the screen, and increased by 0.11 mm per
degree, such that it had a size of 2.72 mm (0.39◦) in the blind spot region. As the test point
moves vertically, diagonally, and horizontally through the visual field, the size of the test
spot changes automatically depending on the distance from the fixation point.
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Figure 2. Rapid campimetry testing environment. Left Panel: Snapshot of the actual campimetry
setting (with increased room lighting for better visualisation) with a volunteer fixating the centre
of the testing area; left part of the image is masked to disable identification. Right panel: a sketch
showing a person (P) looking at the monitor with a 40 cm distance (A) while an examiner (E) controls
and runs the test on a different monitor.

Table 2. Various test point sizes in relation to position.

Distance [◦] From
Fixation Point

Diameter [mm] of the
Test Point

Angle Diameter [◦] of the
Test Point

0.0◦ 1.05 0.16◦
1.0◦ 1.16 0.17◦
2.5◦ 1.33 0.19◦
5.0◦ 1.61 0.23◦
7.5◦ 1.88 0.27◦

10.0◦ 2.17 0.31◦
12.5◦ 2.45 0.35◦
15.0◦ 2.72 0.39◦

The most important difference in rapid campimetry in comparison to other visual-field
testing methods is the running speed of the test point. The optimal running speed was
determined subjectively on a narrow scotoma at a point approximately 8◦ from the fixation
point, marked by a black ring (Figure 3). Different running speeds ranging from 0.18 cm/s
to 24 cm/s were subjectively tested and the optimal speed was selected with which the
scotoma was most reliably identified.

Using a too fast, 24 cm/s, or too slow, 0.18 cm/s, speed to run the test point disables
the detection of the scotoma. Subjectively judged, the optimal speed of the test point seems
to be ≈3 cm/s at 40 cm viewing distance from the screen. Here, it can be overlooked that
the flat examination surface of the monitor results in an outward slowing of the velocity,
since this variance at 10◦ results in about a 4% difference in velocity between the flat and
curved surfaces. If the test point travels through the field of view at this speed along the
seven vertical, diagonal, and horizontal paths mentioned in Figure 3, for a total length of
≈70 cm, then the test run passes through >1000 pixels (“test points”), depending on the
resolution of the monitor (dpi). The specific screen area tested in rapid campimetry was
21.4 cm (442 pixels horizontally) by 14.1 cm (295 pixels vertically) and thus, for the test point
progression of rapid campimetry (see below), ≈1400 test points. Due to the very fast update
of the test point on the monitor (60 Hz), a subject perceives an uninterrupted line of light,
that is, a point moving on the examination field of the monitor without interruption. The
examination is completed within less than 30 s and the presence of absolute scotomas in the
central 10◦ visual field can be largely excluded, if subjects see the test point uninterruptedly
during the examination run.
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Figure 3. The path tested in the screening procedure of rapid campimetry is shown in dashed lines.
In the arc scotoma marked by a black ring, 8◦ from the fixation point, the optimum test point speed
was determined. The test point changes its diameter with the distance from the fixation point; the
greater the distance, the greater its diameter. In the outer of the three vertical test lines, the used
size change is overdrawn. If one wants to determine the examined area in this area, then the area is
calculated as the sum of two identical trapezoids.

The test point trajectory is, in principle, arbitrary. However, for better comparability
of the results for “rapid campimetry”, a certain pattern is specified for the test point course.
Within less than a minute, the test point first runs at 15◦ through the blind spot, then on
three vertical, two diagonal and two horizontal lines through the central 10◦ visual field
(Figure 3). The pattern of this test point course was chosen to follow the nerve fibre course
traversing arcuate scotomas as perpendicularly as possible. As Aulhorn wrote, this is the
best way to accurately determine glaucomatous scotoma boundaries [17].

The testing screen is coupled with an observation screen to enable monitoring of the
test point by the examiner during examination. If the subject signals the disappearance
or reappearance of the test point, these points of the scotoma rim are marked and the
coordinates of these points are stored. In the examination result, the two points (scotoma
start and end) are connected by a grey line symbolizing the scotoma, as shown in Figure 1d.

At the end of the test session, the examiner recognizes the suspected scotoma at the
marked points at which the test point became invisible (off points) or visible again (on
points). The scotoma can subsequently be delineated as in ordinary kinetic perimetry (“sco-
toma delineation campimetry”; duration approximately 1–10 min for one eye depending
on the size of the VF defects) by moving the test point vertically, as, for example, shown
in Figure 1e. Identifying the scotoma boundary accurately is facilitated by reducing the
running speed of the test point, e.g., by a factor of 4 or 8.

If the examined area of each test point run is to be determined and set in relation to
the square visual field with the horizontal and vertical diameter of the 10◦ area, and if the
edge length of this square is 14.1 cm, then the total area to be examined is 198.81 cm2. The
path tested in the screening procedure is shown in dashed lines in Figure 3. The test point
changes its diameter with distance from the fixation point; the greater the distance from the
fixation point, the greater its diameter. In the outer of the three vertical test lines, the size
change used is exaggerated for clarity. The examined area is calculated approximately as
the sum of two identical trapezoids, which are shifted vertically. Minimal deviations result
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from the fact that the test point change is linear only for lines running directly from the
fixed point. The two trapezoids therefore have very slightly curved lines in the direction
of travel. If they are placed next to each other, they approximately form a rectangle with
half the running distance of the test point and the sum of the largest diameter of the test
point at the top and the smallest diameter in the middle of the path. The area tested in
rapid campimetry then adds up to a total of 13.41 cm2 of the total 198.81 cm2 from the three
vertical, two identical diagonal, and two identical horizontal paths of the test point, and
thus 6.75% of the paracentral visual field to be examined (Table 3).

Table 3. Area calculation of the tested visual field fractions during the test run.

Greatest Test
Point Thickness

[cm]

Smallest Test
Point Thickness

[cm]

Sum of Both
Test Point

Thicknesses
[cm]

Half the
Running

Distance of the
Test Point [cm]

Area [cm2]

Vertical 1 0.26 0.22 0.48 7 3.35
Vertical 2 0.24 0.18 0.42 7 2.93
Vertical 3 0.22 0.13 0.35 7 2.47

Diagonal 1 + 2 0.24 0.14 0.38 7.44 2.81
Horizontal 1 + 2 0.19 0.14 0.33 5.6 1.85

Total 13.41

3. Results

The case observation of F.H.’s scotomas is shown in Figure 1. The novel method of
rapid campimetry verified the two subjectively observed scotomas. Figure 1d shows the
result at the end of the test run of the rapid campimetry, and Figure 1e shows the result of
the scotoma delineation campimetry. The red and green dots connected with a grey dotted
line represent the scotoma’s start and end.

Five additional subjects (detailed in Methods) with a glaucomatous VF defect were
included in this study to compare VF defects between SAP and rapid campimetry. Unin-
tentionally, all five subjects had no SAP evidence of a VF defect in the fellow eye, which
thus served as reference.

In general, there was an excellent agreement between rapid campimetry and SAP. All
eyes without VF defects presented without abnormalities in either test (Figure 4). Similarly,
the area and extent of the grey/black shaded regions of the VF defects in SAP corresponded
to the scotoma line delineated by the rapid campimetry (Figure 5).

In combination with scotoma delineation campimetry, the following results are ob-
tained for each subject compared to SAP: In subject 1, HFA detected scotomas in the upper
visual field and normal sensitive retina between these scotomas. Scotoma delineation
campimetry found instead a continuous arcuate scotoma in the same location. In subject 2,
both HFA and campimetry demonstrated comparable findings showing an upper quad-
rant scotoma (Figure 5). In the lower visual hemifield of the left eye of subject 3, there
was a relative scotoma in the centre of the arcuate scotoma, which scotoma delineation
campimetry identified as an absolute scotoma. In subject 4, both campimetry and SAP
depicted a similar arcuate scotoma in the superior VF of the right eye. Finally, subject 5 has
an upper arcuate scotoma at a site of relative scotoma that rapid campimetry classified as
an absolute scotoma.

11



J. Clin. Med. 2022, 11, 2156

Figure 4. Eyes with normal visual field of subjects 1–5. The blind spot was detectable at 15◦ for
all subjects except subject 2 (S2) with rapid campimetry. SAP = standard automated perimetry.
OD = right eye; OS = left eye; S: subject; SAP: standard automated perimetry.
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Figure 5. Eyes with visual field defects of subjects 1–5 compared between 10-2 SAP vs. rapid
campimetry and scotoma delineation campimetry. SAP = standard automated perimetry. OD = right
eye; OS = left eye; S: subject.
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4. Discussion

The aim of this proof-of-concept study was to compare the novel visual field exami-
nation technique, rapid campimetry, with the established standard automated perimetry
(SAP) in a case series regarding the detection of glaucomatous defects. In this six-subject
sample, we found strong agreement between SAP and rapid campimetry in identifying VF
defects in all eyes.

4.1. Increasing Attention via Fast Stimulus Movement

In the established SAP, the response behavior of the examinees is strongly dependent
on their attention, since they are supposed to judge the appearance of a test point just at
the threshold of perception and in weak contrast with the surroundings. The image change
occurs so weakly or slowly that it is easily overlooked, but it is necessary in this form to
define the threshold of perception [18]. One of the most important functions of the retina,
namely, enabling the perception of rapid movement, was important in evolution because
detection of the movement of a prey animal or enemy provided a survival advantage [19].
The perception of fast motion, however, is not tested in threshold perimetry. Notably, in
order to identify retinal areas without light perception, i.e., whether there are absolute
scotomas, fast motion can be used in combination with high contrast, with several key
advantages, such as hardly strained participant attention.

4.2. Proportion of the Examined Visual Field Area in the Paracentral Visual Field

Another important difference between the different VF testing methods is the portion
of the visual field actually examined. Testing the central VF using either Octopus, G1
program (17 points), or HFA3, 10-2 program (68 points) and employing Goldmann point
size III, i.e., 4 mm2 [4], the area examined only covers 3.1% and <1.0% of the central visual
field, respectively. Here, at the examination distance of 30 cm, the 10◦ area of the central
visual field is 87.58 cm2 with a radius of 5.28 cm with minimal error variability due to
the spherical surface deviation. These values explain why the arcuate scotoma was not
found in F.H. with the Octopus perimeter. More accurate results can be expected with rapid
campimetry where 6.75% of the paracentral visual field is tested.

4.3. Accuracy of Rapid Campimetry

To further test the accuracy of rapid campimetry vs. other standard perimetry, i.e.,
HFA3, we assessed whether glaucomatous VF defects were comparable in both techniques.
Here, the examination of glaucomatous VF defects of five participants demonstrated
agreement in the findings. In addition, rapid campimetry appeared to detect scotomata
areas that were missed in the standard HFA3 test. The findings of subjects 1, 3, and 5, as
well as F.H. suggest a superiority of the rapid campimetry vs. HFA3: For example, for
F.H., the HFA found a relative scotoma in the upper visual field, whereas the campimetry
instead found an absolute narrow arcuate scotoma at the same location (Figure 1e). As
shown in Table 2, the angular diameter of the test point at the edge of the central 10◦ field
of view is 0.31◦ compared to the conventional perimeter test mark III with a diameter of
0.43◦ at any point in the VF [18]. This latter large test mark cannot totally disappear in the
narrow, approximately 0.35◦-wide scotoma of Figure 1e, and cannot be perceived as an
absolute scotoma, but only as a relative one. Finding these narrow scotomas appears to
be facilitated by rapid campimetry’s technique of a continuous vertical light line of ≈1400
closely spaced test points that overlap during motion and intersect all nerve fibres running
to the blind spot.

4.4. Detection of Arc Scotomas

The method of rapid campimetry is similar to the campimetry described by Rönne
and developed by his teacher Bjerrum, where a 1 cm-sized test point with angular diameter
of 0.29◦ moves slowly on a black rod at 4 m2 square black wall at 1–2 m distance [20]. In
rapid campimetry, the dimensions are reduced and tailored to today’s technology, as well
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as having the crucial feature of rapid movement. According to Rönne, the first early defects
in glaucoma usually present in the Bjerrum area as small paramacular scotomas, which
may be arcuately connected to the blind spot [20]. An explanation for arcuate scotomas is
easily given by comparing the nerve fibre course in the retina with the shape and location
of the arcuate scotomas where glaucoma damages individual optic nerve bundles and leads
to interruption of the input from the corresponding retinal sites, leaving other bundles
intact [21]. With today’s standard examination methods, arcuate scotomas are hardly
detected as such early stages, although their presence is theoretically probable [21].

Recently, finer patterns than the standard 24-2 VF tests, e.g., a 6 × 6◦ grid, have
been applied, and studies have confirmed that multiple macular VF defects can occur in
glaucoma, of which arcuate scotoma is the most common [22,23]. These VF defects could
also correspond to structural damage [24]. More recently, a new testing paradigm, the
24-2C, has been developed, in which 10 asymmetrically distributed test points from the
10-2 grid are integrated into the 24-2 grid so that both the central and peripheral visual fields
can be tested. Nevertheless, testing the central 10 degrees supports higher resolution in
terms of a detailed description of VF defects and better structure–function agreement [25].

4.5. Automation of Test Point Movement in the Paramacular Visual Field

Glaucoma is a group of progressive optic neuropathies characterized by degeneration
of retinal ganglion cells [26]. The probable consequence of such ganglion cell degeneration
is absolute rather than relative scotoma. Aulhorn, in reviewing 961 visual fields of glaucoma
subjects, found that very early scotomas, despite their small extent, are usually absolute
and very rarely relative [17]. In principle, the shape of a scotoma can be described well
with kinetic perimetry, but small paramacular scotomas can be easily missed [17]. The
requirement for slow test point movement can be met by the instrument only if large
movement distances on the examiner’s side correspond to a small visual angle on the
subject’s side. This is only possible, however, if very large-area examination screens are
used for direct test point guidance, as for example with the Bjerrum wall, or if a translation
mechanism is used for indirect test point movement [17].

The combination of the two demands may seem absurd, to increase the running
speed of the test point for a safer scotoma detection on the one hand, and to move the test
point as slowly as possible for an accurate definition of the scotoma margins on the other
hand. However, both demands belong together, and only together do they fulfill their task
perfectly. With the automatic test point movement, which can be slowed down by a factor
of 4 or 8, the rapid campimetry meets Aulhorn’s demand of translation mechanics in the
paramacular range. In this way, it is possible to translate the advantages of Bjerrum’s and
Rönne’s campimetry [20] into a novel technique and to combine it with the attentional
enhancement of the fast movement.

4.6. Limitations of the Study

Our case-series study has a number of limitations which need to be addressed in
a follow-up study on a larger participant cohort. The study was designed to provide
proof-of-concept of rapid campimetry and was not designed to assess the sensitivity and
specificity of the approach. For the latter purpose, a systematic investigation with a
greater sample size is essential, including patients with different disease states and healthy
controls. Further, potentially confounding effects of visual pathologies, e.g., optic media
opacities, deserve attention in future studies. Finally, the quality of the fixation and its
relation to the campimetry outcome has not been addressed in the present study, where
patients were instructed to fixate the central target during testing and repeatedly reminded
of the importance of central fixation. Online tracking of eye movements and fixation
monitoring would help to assess whether maintaining central fixation is an issue during
rapid campimetry testing.
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4.7. Outlook

In addition to glaucoma screening, there are a number of fields where rapid campime-
try might be of value. One potential application of the new examination method leads
back to the beginning of the text—the COVID-19 pandemic, which has alerted us to the
importance of telemedicine. Rapid campimetry is enabled via the internet and leverages
the potential of cloud technologies, as a commercially available computer connected to the
internet enables rapid campimetry virtually anywhere in the world with very low barriers
to entry compared to current investigative methods. Possibly, this novel method could
also help correlate morphologic differences of certain scotomas with their cause through
more accurate scotoma description: Lachenmayr, for example, points out that in addition
to mechanical nerve fibre damage due to intraocular pressure, there is vascular damage
with typically classic nerve fibre bundle defects that manifests as arcuate scotoma [18].
Furthermore, migraine is considered a risk factor for glaucoma [27], which raises the ques-
tion of whether visual field defects associated with migraine aura can be morphologically
distinguished from typical glaucoma-related scotomas.

4.8. Conclusions

Our present proof-of-concept study suggests that rapid campimetry has advantages
in glaucoma-screening compared to SAP. However, follow-up assessments are needed that
investigate greater sample sizes of patients and healthy controls to assess the value of rapid
campimetry as a screening and diagnostic tool for VF defect detection in glaucoma. In
short, this method appears to be comparable to standard perimetry in the detection of
central VF defects in glaucoma, and holds promise of applicability in ophthalmology as a
screening and telemedicine tool.
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Abstract: Telehealth has become a viable option for glaucoma screening and glaucoma monitoring
due to advances in technology. The ability to measure intraocular pressure without an anesthetic and
to take optic nerve photographs without pharmacologic pupillary dilation using portable equipment
have allowed glaucoma screening programs to generate enough data for assessment. At home,
patients can perform visual acuity testing, web-based visual field testing, rebound tonometry, and
video visits with the physician to monitor for glaucomatous progression. Artificial intelligence
will enhance the accuracy of data interpretation and inspire confidence in popularizing telehealth
for glaucoma.

Keywords: telehealth; glaucoma; screening; monitoring

1. Introduction

Glaucoma is a progressive disease of the optic nerve and a leading cause of irreversible
vision loss. Globally, in 2013, the prevalence of glaucoma was 3.54% among people aged
40–80, affecting 64.3 million [1]. It was estimated that by 2040, this number will increase
to 111.8 million [1]. The demand for ophthalmologists to take care of glaucoma patients
is expected to exceed the supply. In 2018, the Association of American Medical Colleges
(AAMC) forecasted that there will be worsening shortages of physicians in the United
States, with an estimated shortfall of 33,800 to 72,700 specialists by 2030 [2]. The report
did not state what the estimated shortfall of ophthalmologists will be per se, but the
trend is expected to be similar. The reasons for this shortfall include the stagnant number
of ophthalmology residency and glaucoma fellowship positions, the increasing number
of retiring ophthalmologists, and the aging population. In order to ensure adequate
care for the increasing population of glaucoma patients, each ophthalmologist will have
to accommodate a greater number of patients, eventually leading to overbooked clinic
schedules, long wait times for patients, and crowded waiting rooms. The increasingly long
wait times for the next available appointment can be detrimental to patient care. New
strategies, such as the use of telehealth, will be increasingly important to limit clinic visits
to patients who absolutely need to be seen, without compromising the care of patients with
a stable disease.

Telehealth, as defined by Merriam-Webster, is health care provided remotely to
a patient in a separate location using a two-way voice and visual communication.
A computer or smartphone is needed to establish this communication. Because of the
coronavirus disease 2019 (COVID-19) pandemic, the use of telehealth has accelerated due to
patients’ fear of contracting COVID-19 and the reduced number of in-person appointments
given. Telehealth has also provided a convenient way for people living in rural regions to
access their doctors.

There are three main purposes of telehealth in the field of glaucoma. One, is to screen
for patients who have glaucoma, or are glaucoma suspects (i.e., those who have optic nerve
appearances suspicious but not definitive for glaucoma). Two, for those newly diagnosed
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with glaucoma, to determine the severity of the disease and treatment plan. Three, for
those diagnosed in the past, to monitor for disease progression and change management
as needed. Each purpose requires a different set of equipment, as discussed below.

2. Equipment

2.1. Visual Acuity Test

Visual acuity is checked conventionally with a Snellen chart of letters placed 20 feet
or 6 m away. If the patient has a refractive error, one should wear glasses corrected
for distance. For each eye, the visual acuity of the smallest line the patient can read
(at least half the letters correctly) is recorded. For the patient to perform this at home,
one can either purchase a Snellen chart and hang it 20 feet away, print out a Snellen
chart online and follow its instructions, or use a smartphone app. Of note, small Snellen
charts, such as those on the smartphone, are referenced at reading distance, and would
require presbyopic patients (typically those age 40 or above) to wear their reading glasses.
A literature review [3] of mobile vision acuity applications revealed that the Peek Acuity
application (Peek Vision Ltd., Berkhamsted, England) performed best, with a test–retest
variability of ±0.029 Logarithm of the Minimum Angle of Resolution (LogMAR) for 95%
confidence interval limits and a mean difference of 0.055 LogMAR when compared with
visual acuity measured in clinic.

2.2. Intraocular Pressure Measurement

Knowing the intraocular pressure (IOP) is crucial for the diagnosis and management of
glaucoma. The Early Manifest Glaucoma Trial (EMGT) demonstrated that reducing the IOP
by 25% lowered the risk of glaucoma progression by 50% over 6 years [4]. Measuring IOP
via telehealth is a challenge because measurement requires the instillation of an anesthetic
eye drop with fluorescein and the use of a Goldmann applanator attached to a slit lamp,
which is equipment that can only be used in the clinic by a skilled technician or physician.
Portable IOP measuring devices with reasonable accuracy are available for use. In the
setting of a glaucoma screening outside of clinic, the Tono-Pen®, the Pulsair Air Puff
tonometer, the iCare rebound tonometer, the Ocular Response Analyzer, and the Diaton
transpalpebral tonometer are suitable devices that technicians can use. At home, patients
can rely on the iCare HOME. Intraocular sensors such as the Eyemate® and Injectsense can
provide IOP data throughout the day as well. If no equipment is available, the IOP range
can be estimated by palpation.

2.2.1. Tono-Pen® (Reichert; Depew, New York, NY, USA)

This is a hand-held electronic device that measures the force needed to applanate
the cornea via a plunger. Prior to measurement, a topical anesthetic is applied to the
eye, and a sanitized disposable cover is placed over the device tip. The operator then
lightly taps the central cornea with the device tip multiple times until 10 measurements
are recorded. The average IOP of the 10 measurements, along with a statistical confidence
indicator, are displayed. The Tono-Pen® is easy to use and has reasonable accuracy when
compared with Goldmann applanation, the gold standard for IOP measurement. A masked,
randomized study on 270 eyes showed that Tono-Pen® measurements were 1.7 mm Hg
higher than Goldmann applanation for IOPs from 6 to 24 mm Hg [5]. Another study
looked at 197 eyes with glaucoma or ocular hypertension and found that Tono-Pen®

measurements had a high correlation (r ≥ 0.86) with Goldmann applanation. However, at
high IOPs (≥30 mm Hg), Tono-Pen® tended to underestimate Goldmann; and at low IOPs
(≤9 mm Hg), Tono-Pen® tended to overestimate [6]. Another study [7] of 142 eyes reported
a correlation of coefficient of 0.84 between Tono-Pen® and Goldmann measurements. This
study likewise subdivided the eyes into IOP ranges. For eyes with low IOPs (4–10 mm Hg),
the Tono-Pen® measured an average 1.78 mm Hg higher than Goldmann applanation. For
eyes with IOP in the normal range (11–20 mm Hg), the Tono-Pen® measured an average
0.07 mm Hg lower than Goldmann applanation. For eyes with elevated IOPs (21–30 mm
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Hg), the Tono-Pen® measured an average 1.27 mm Hg lower than Goldman applanation.
Additionally, for eyes with very elevated IOPs (31–45 mm Hg), the Tono-Pen® measured
an average 4.15 mm Hg lower than Goldmann applanation. The higher the IOP, the more
the Tono-Pen® underestimates. Tono-Pen IOP measurements have also been shown to
be increased by a greater central corneal thickness (CCT) and a greater corneal resistance
factor (CRF) [8–13]. However, for most eyes, the Tono-Pen® has reasonable accuracy. The
Tono-Pen® is particularly useful for patients with a corneal edema or scar, as Goldmann
applanation can underestimate the IOP in the presence of a spongy, edematous cornea
and overestimate the IOP in the presence of a calcified scar; the Tono-Pen® is less affected
by corneal edema and the device tip can be easily directed away from the scar when
measuring. Another distinct of advantage of the Tono-Pen® is that the patient does not
need to be upright. If the patient can only remain supine due to a medical condition or
cannot position one’s head vertically due to neck or spinal disease, the Tono-Pen® can still
be used, as long as the operator ensures that the device tip taps the cornea perpendicularly.
Other devices require the head to be upright for accurate measurement.

2.2.2. Air Puff Non-Contact Tonometer

This is a non-contact way to measure IOP. An electric device delivers a puff of air, and
the force required to applanate the cornea is recorded. Multiple measurements are taken
and the average IOP measured is calculated. Because there is no physical contact to the
eye, a topical anesthetic is not required and there is no risk of corneal abrasion or infection
from the equipment. The device is automated and easy to use. The noncontact tonometers
available on the market include the Pulsair Desktop Tonometer (Keeler; Malvern, PA,
USA), the CT-80 (Topcon; Tokyo, Japan), the NT-530/510 (NIDEK; Gamagori, Japan),
and the TX-20 (Canon; Tokyo, Japan). Many studies found that noncontact tonometer
IOP measurements are in moderate agreement with that of Goldmann applanation; as
a result, the authors concluded that air puff tonometers can serve as good screening tools
but are not accurate enough to substitute for Goldmann applanation [14–18]. Of note,
there is an air puff tonometer that is compact and weighs approximately 2.5 kg called the
Pulsair IntelliPuff (Keeler; Malvern, PA, USA). It is portable and can be easily brought to
a glaucoma screening venue. Hubanova et al. [19] compared IOP measurements between
the IntelliPuff tonometer and Goldmann applanation on 137 eyes and found that there was
good agreement with an intraclass correlation coefficient of 0.86. The IntelliPuff tonometer
overestimated the IOP by 1.5 ± 1.8 mm Hg in normotensive eyes and 2.3 ± 4.8 mm Hg in
hypertensive eyes. Air puff is particularly useful in young children who do not tolerate
eye drops well or are particularly anxious, as anesthetic eye drops are not required and
there is no tip or probe that contacts the eye. However, some patients do not find the air
puffs comfortable and would prefer other methods of measurement.

2.2.3. iCare (iCare Finland Oy; Helsinki, Finland)

This is a hand-held device that bounces a light-weight probe off the cornea. The con-
tact is gentle enough that no topical anesthetic is needed. The IOP displayed is a function of
the probe’s deceleration at contact and the contact time, as measured by an induction-based
coil system. The first generation TA01i model and the second generation ic100 model
require the patient to be upright for measurement. Nakakura et al. [20] compared measure-
ments of the iCare TA01i, iCare ic100, and Goldmann applanation on 106 eyes, and found
that both iCare models measured significantly lower IOPs than Goldmann applanation
(12.2 ± 2.9, 11.7 ± 3.0, and 16.9 ± 3.2 mm Hg, respectively). Furthermore, both iCare
models’ IOP measurements were correlated with central corneal thickness (r = 0.50). In
contrast, Gao et al. [21] compared TA01i iCare measurements to that of Goldmann applana-
tion on 672 eyes and found no significant differences between the two (18.30 ± 5.10 and
18.52 ± 4.46 mm Hg, respectively; p = 0.19), with a correlation coefficient r = 0.806. However,
for eyes with IOP ≥ 23 mm Hg by Goldmann applanation, the iCare measurements were
significantly lower (1.66 mm Hg, p = 0.007) than that of Goldmann applanation. Central
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corneal thickness had a stronger correlation with iCare measurements (r = 0.39) than with
Goldmann applanation (r = 0.19). Subramaniam et al. [22] compared IOP measurements of
iCare ic100 with Goldmann applanation in 1000 eyes and reported an intraclass correla-
tion coefficient of 0.73. The ic100 measurements were significantly lower than Goldmann
applanation measurements (12.1 vs. 16.2 mm Hg), even when the data were subdivided
into different ranges of IOP. In January 2020, the iCare ic200 model was granted marketing
authorization in the United States; it allows for IOP measurement even when the patient is
reclined or supine. Badakere et al. [23] compared the ic200 with Goldmann applanation in
156 eyes and found that the ic200 readings were on average 1.27 mm Hg higher, but with
no statistically significant difference.

A unique benefit of a portable tonometer that does not require a topical anesthetic is
that home measurements can be performed. The iCare HOME is a device that allows for
easy self-measurement. After loading a single-use probe, the device is placed in front of the
eye at an appropriate distance (adjustable with the device’s forehead and cheek supports).
A hold of a button allows for six consecutive measurements, and the average measurement,
along with the time of measurement, are saved in the device. When the patient returns
the device to the clinic, these measurement data can be extracted and a diurnal IOP graph
can be generated. Being able to take multiple measurements throughout the day at home
is particularly useful in glaucoma patients with disease progression than normal IOPs
measured in clinic. In this scenario, glaucoma specialists must determine whether the
disease progression is a result of the “normal IOP” measured in clinic being above the
target IOP to halt progression, or whether there are IOP elevations not detected because
they occurred outside of clinic hours. The iCare HOME is a useful device that can answer
this question. A comparison [24] of the iCare HOME measurement by the patient versus
Goldmann applanation reported a high correlation (r = 0.846); the iCare HOME on average
measured 0.70 mm Hg greater than Goldmann applanation (p < 0.001), and this difference
increased by 1.2% for every 10% increase in central corneal thickness. Importantly, 98% of
the 128 participants were able to use the iCare HOME.

2.2.4. Ocular Response Analyzer (Reichert; Depew, NY, USA)

This is a desktop device that uses a stream of air to applanate the cornea. No topical
anesthetic is needed. Infrared light is emitted onto the cornea, and an infrared light
detector measures a peak in light intensity when the cornea is flat. At this state, the
inward applanation pressure is measured. The force of air then increases so that the cornea
becomes concave, and then decreases until the cornea is flat again. At this state, the
outward applanation pressure is measured. The entire measurement process takes about
20 milliseconds. The inward applanation pressure is greater than the outward applanation
pressure, and this difference is the biomechanical property of the cornea termed corneal
hysteresis. The device displays the inward intraocular pressure measurement (which
should be identical to Goldmann tonometry) and the intraocular pressure measurement
corrected by corneal hysteresis. Ehrlich et al. [25] and Ogbuehi et al. [26] compared ocular
response analyzer (ORA) IOP measurements with those of Goldmann tonometry and found
no statistically significant difference between them. However, a number of studies [27–31]
found that the ORA significantly overestimated IOP when compared with Goldmann
applanation. The importance of the ORA lies in its ability to measure corneal hysteresis,
which is a known risk factor for glaucoma progression [32]. Eyes with a corneal hysteresis
< 10 are 2.9 times more likely to have moderate to severe glaucoma than eyes with a corneal
hysteresis ≥ 10; thus, corneal hysteresis can serve as a screening tool for glaucoma [33].

2.2.5. Sensimed Triggerfish® Contact Lens (Sensimed; Lausanne, Switzerland)

This soft contact lens, approved by the United States Food and Drug Administration
(FDA), has a sensor that takes automated recordings for 24 h of the corneoscleral junction’s
dimensional changes, which are thought to correlate with changes in IOP. The lens is
composed of silicone and has a high oxygen transmissibility to prevent hypoxia of the
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cornea. The sensor transmits data wirelessly to a circular antenna taped to the periorbital
region. The antenna then sends the data via a cable to a recorder that the user wears
hanging from the neck. The contact lens has been shown to be safe and well-tolerated,
with a fair amount of reproducibility in diurnal IOP patterns [34]. A clinical trial [35] of
33 patients compared the slope of IOP increase from wake to sleep position measured by the
contact lens sensor in one eye versus that of which was measured by the pneumatonometer
in the contralateral eye; there was a high correlation coefficient of 0.914, suggesting that the
contact lens sensor is accurate in detecting IOP changes.

A unique advantage of using a contact lens is it allows for the generation of a diurnal
curve, even when the user is sleeping. This device can detect IOP elevations outside of
clinic hours that may provide clues as to why a patient’s glaucoma is progressing despite
normal IOPs measured in clinic. In fact, a multicenter study that included 445 patients
showed that certain variables measured by the contact lens, such as the night bursts ocular
pulse frequency standard deviation and night bursts ocular pulse amplitude standard
deviation correlated with prior rates of visual field progression [36].

2.2.6. Other Contact Lenses in Development

Researchers in South Korea developed a soft contact lens that measures IOP using
a strain sensor [37]. The contact lens was tested on rabbit and human eyes, and it demon-
strated reliable and accurate IOP measurements. Different from Triggerfish®, this contact
lens sends data wirelessly to a smartphone; thus, allowing for the real-time monitoring of
IOP and eliminating the need to carry a bulky recording device.

2.2.7. Eyemate® (Implandata Ophthalmic Products GmbH; Hannover, Germany)

This is a CE-certified IOP sensor placed into the ciliary sulcus during cataract surgery
or Boston keratoprosthesis Type 1 (BI-KPro) implantation. Similarly to an intraocular lens,
the sensor is foldable and can be injected into the eye through a corneal incision. This
11.2 mm wide silicone implant consists of eight pressure-sensitive capacitors in a single
application-specific integrated circuit and a microcoil antenna arranged circumferentially.
In order to obtain IOP measurements, a handheld reader device is placed at a short distance
in front of the eye. The device emits a high frequency field that powers the sensor, and
<2 s is needed for the sensor to measure the IOP and send the data to the reader device.
A clinical trial demonstrated the successful implantation of Eyemate® in six patients;
pupillary distortion and pigment dispersion were observed and some IOP measurements
were significantly different from that of Goldmann applanation [38]. Another clinical trial
involved 12 patients who underwent BI-KPro surgery and Eyemate® implantation; IOP
measurements were found to correlate with surgical manometry (r = 0.87) with a mean
difference of 3.9 ± 8.6 mm Hg [39]. The Eyemate® intraocular sensor is the first of its kind
and can potentially revolutionize IOP monitoring for post cataract surgery or post BI-KPro
surgery patients.

2.2.8. Injectsense (Injectsense, Inc.; Emeryville, CA, USA)

This is an IOP sensor, smaller than a grain of rice, that can be implanted transsclerally
via an injection. Similarly to an intravitreal injection, implantation of the sensor can be
performed in clinic using an injector that pierces the sclera and pars plana. The device self-
anchors in the sclera and acts as a plug to prevent the egress of vitreous humor. The sensor
measures the IOP at preset time intervals and stores the data. The patient is instructed to
wear a pair of smart glasses once a week in order to recharge the sensor and download the
stored IOP data, which are then automatically uploaded to a physician-accessible cloud
database. This device is limited to investigational use at this time.

2.2.9. Diaton Transpalpebral Tonometer (DevelopAll Inc.; New York, NY, USA)

This is a digital device that measures IOP through the upper eyelid without contact
with the cornea. The patient lies in a recumbent position looking up at a 45-degree angle.

23



J. Clin. Med. 2021, 10, 3452

A measurer pulls up the upper eyelid so that the lid margin is at the corneal limbus.
The tonometer tip is placed perpendicular to the eyelid and parallel to the lid margin.
A measurement is conducted when the tonometer tip touches the eyelid. The advantages
of this device are measurements that can be performed by anyone after a brief training
session, a topical anesthetic is not needed and it causes minimal patient discomfort. When
compared with Goldmann applanation, Diaton demonstrated a moderate correlation
acceptable for glaucoma screening but not as a substitute for Goldmann applanation in the
management of glaucoma patients [40–43].

2.2.10. Finger Palpation

A crude method for the patient to estimate IOP is via finger palpation on the eye
through the upper eyelid and describe whether the eye feels such as a tomato (low IOP),
grape (normal IOP), or apple (high IOP). This is especially useful for patients who had
recent glaucoma surgery and may experience extremes in IOP. An abnormally soft or firm
eye would usually require a visit to the clinic soon.

2.3. Anterior Segment Photography

Although photography does not offer as much clarity as an in-person examination on
the slit lamp, it can provide important information relevant to the diagnosis of the type
of glaucoma and to monitor for postoperative complications. For example, the camera
may capture the presence of white material along with pupillary margin, indicative of
pseudoexfoliation, or an opacity within the pupil, indicative of a dense cataract.

In the setting of a screening program where a slit lamp is not available, a digital
single-lens reflex camera (DSLR) with maximum zoom can be used to capture images. For
those who had glaucoma surgery, of which the surgical site is in the superior or inferior
conjunctiva, the technician would need to shift the eyelid away and have the patient look
at the opposite direction to capture images of these areas. The advantages of the DSLR
camera include its high resolution, wide range of magnification, and the ability to adjust
the flash intensity. Tweaking the settings allow for high quality images of the anterior
segment. It has even been demonstrated that when a DSLR camera’s infrared-blocking
filter is replaced with a piece of glass, iris transillumination defects of the iris can be
photographed clearly [44].

At home, a cell phone camera can be used to capture a gross image of the eye, but
the resolution and magnification are not high enough to visualize the anterior chamber.
A smartphone adapter attached over the camera is needed for adequate magnification and
near focusing in order to obtain clinically useful images. One such adapter is the Paxos
Scope (DigiSight Technologies; San Francisco, CA, USA) which was found to be easy to use
and was able to image a variety of anterior segment pathologies [45].

2.4. Iridocorneal Angle Imaging

To identify whether a patient is at risk for angle closure glaucoma, the ophthalmologist
performs an examination technique called gonioscopy, in which a lens with side mirrors
is placed on the cornea. The mirrors allow for the visualization of the anterior chamber
angle, which contains the trabecular meshwork, the start of the aqueous humor’s drainage
pathway. When a large part of the trabecular meshwork is not visible due to the steepening
of the iris, the patient is considered high risk for angle closure, and peripheral laser
iridotomy is recommended.

In a setting where an ophthalmologist is not present to perform the gonioscopy,
an anterior segment optical coherence tomography (ASOCT) can be used to measure
the iridocorneal angle. Optical coherence tomography (OCT) uses near-infrared light
to capture a high-resolution cross-sectional image of biologic tissue by the principal of
interferometry. ASOCT parameters associated with angle closure include smaller anterior
chamber dimensions (width, area, and volume) [46,47], a greater iris thickness and area [48],
and a larger lens vault [49,50]. A regression model consisting of these parameters can
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diagnose angle closure with an area under the receiver operating characteristic curve (AUC)
> 0.95 [51]. A validated scoring system can be incorporated into the ASOCT image analysis
software to identify eyes with angle closure [52]. If a suspiciously narrow iridocorneal
angle is seen in a screening program, pharmacologic pupillary dilation should be deferred
(as dilation can induce acute angle closure glaucoma) and the patient should be sent to
an ophthalmologist for a gonioscopy to verify the diagnosis. Of note, ASOCT is a desktop
device that is not portable and is only available in the clinic setting.

Ultrasound biomicroscopy (UBM) uses a high frequency transducer (35–100 MHz) to
obtain high resolution images of the anterior segment and measurements of the anterior
chamber depth, angle, and the lens vault. Compared with the ASOCT, UBM has a greater
penetration range, allowing for the visualization of the ciliary body. This increased range
is particularly useful to visualize the plateau iris, cyclodialysis cleft, anterior choroidal
effusions, or any masses beneath the iris. The disadvantage of the UBM is a transmission
medium, such as a bag of fluid or gel, between the ultrasound probe and the eye is needed.
In order to obtain clinically useful images, the technician needs to be well-trained.

A direct visualization of the iridocorneal angle can be performed using a gonioscopy
camera. The Gonioscope GS-1 (NIDEK; Gamagori, Japan) is a desktop device that acquires
360-degree color photographs of the angle. The patient’s eye is anesthetized and coated
with gel, and the device’s attached 16-mirror gonioprism contacts the cornea. The system
then automatically captures images at different focus points from each gonioprism mirror;
it takes approximately 1.5 min to photograph both eyes. Images in focus are then selected
and a 360-degree fused panoramic image of the angle can be generated. A more portable
gonioscope is the EyeCam (Clarity Medical Systems; Pleasanton, CA, USA), which consists
of a handheld camera that can be used to visualize the angle when the probe is held
against the eye coated with a coupling gel [53]. The Nanyang Technological University and
Singapore Eye Research Institute similarly developed the GonioPEN, a smaller pen-like
probe that can obtain images of the angle [54].

2.5. Fundus Photography

When evaluating a patient for glaucoma, being able to visualize the optic nerve head
is key. Traditionally, photographs of the optic nerve head can only be taken with a desktop
camera after the pupil is pharmacologically dilated. In recent years, handheld cameras have
been developed that can take fundus photographs, even without dilation. In addition to
glaucomatous nerve damage, these cameras allow for the diagnosis of macular pathology
and other retinal diseases as well. The portable fundus cameras on the market include the
Pictor Prestige (Volk; Mentor, OH, USA), VISUSCOUT® 100 (Zeiss; Oberkochen, Germany),
SIGNAL (Topcon; Tokyo, Japan), and VERSACAMTM α (NIDEK; Tokyo, Japan). They are
generally gun-shaped with a base charger, weighs approximately 1 pound, has a 40 to
50-degree fundus angle of view (with a pupil at least 3 mm in diameter), has autofocus or
manual focus modes, has a touchscreen that displays the photograph taken, and has Wi-Fi
connectivity to send images online.

An alternative to using the fundus camera is to rely on a smartphone camera attach-
ment. The D-Eye Retinal Camera (D-EYE Srl, Padova, Italy) is an attachment that can
obtain images of the optic nerve, even without pupillary dilation. The camera attachment
requires the smartphone to be as close to the eye as possible, and the smartphone’s video
mode is turned on so that the split-second frame of which the optic nerve is centered
within the field of view and is in focus is captured. This method of obtaining optic nerve
photographs requires practice and an adequately large undilated pupil. The image resolu-
tion is limited by the smartphone camera. A prospective study demonstrated that vertical
cup/disc ratios graded from D-Eye smartphone ophthalmoscopy agreed with those from
slit lamp examination in 72.4% of primary open angle glaucoma patients and 66.7% of
ocular hypertension patients [55]. Another study revealed that pharmacologic pupillary
dilation improved D-Eye’s vertical cup/disc ratio measurement significantly [56].
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2.6. Optical Coherence Tomography of the Retinal Nerve Fiber Layer

In the past, serial optic nerve head photography was the only way to document
structural changes indicative of glaucoma. In recent years, however, optical coherence
tomography (OCT) has taken over as a more precise and objective tool in the diagnosis
and monitoring of glaucoma. OCT relies on near-infrared light to obtain a cross-sectional
image of the retina and optic nerve head. Different layers of the retina can be isolated in the
scan, as there is an increased reflectivity in the nerve fiber layer and the plexiform layers
and decreased reflectivity in the cell and nuclear layers. OCT performs a retinal nerve fiber
layer (RNFL) analysis by measuring the RNFL thickness at a circle, 3.4–3.5 mm in diameter,
centered around the optic nerve head. In the presence of a glaucoma, areas of RNFL loss
are seen, typically in the superotemporal and inferotemporal regions of the circle. The
OCT compares the RNFL thickness pattern with that of a normative database of the same
age group and flags any areas below the reference range with a color-coded scheme. The
OCT is a powerful tool in the early detection of glaucoma, as RNFL thinning can be seen,
even before peripheral visual field loss occurs. Furthermore, when serial OCT scans are
taken, the RNFL thickness of each region can be plotted on a trend line to assess for disease
progression over time.

OCT is a desktop device only available in clinic. Companies are working to develop
a portable version, but the closest to that at this time is the Envisu C2300 (Leica; Wetzlar,
Germany), which consists of a handheld OCT scanhead attached to a cart of equipment. The
Envisu C2300 is particularly useful for patients who cannot sit up to reach a desktop device.
In the future, a portable home OCT machine for glaucoma patients may be available, given
that Notal Vision (Manassas, VA, USA) has developed one for the detection of neovascular
age-related macular degeneration (AMD) progression at home.

2.7. Visual Field

Glaucoma is known as the “sneak thief of sight” because of its tendency to affect
the peripheral visual field first. As a result, many patients do not realize that they have
glaucoma until the visual field loss encroaches centrally. In clinic, standard automated
perimetry (SAP) is performed to detect visual field loss. The patient places his/her head on
a chinrest in front of a white bowl. While fixating on a target, he/she is instructed to push
a button whenever a spot of light is seen. The machine will display light stimuli at various
locations and intensities. In the end, the machine will map out spots that the patient did
significantly worse relative to his/her age group.

Because SAP is a large device only available in clinic, it cannot be used in a screening
program outside or at home. Alternatives of SAP include online perimetry performed on
a computer, tablet, or with virtual reality glasses.

2.7.1. Peristat Online Perimetry

This is a visual field test accessed at keepyoursight.org and is performed on a computer
with a 17-inch or larger monitor. In the beginning, the patient is asked to adjust his/her
distance from the monitor until a flashing light temporal to the fixation point disappears
(i.e., enters the blind spot). The patient is then asked to fixate at a central point. Stimuli
are presented at various locations across a 24-degree horizontal by 20-degree vertical field
with various intensities, and the patient is asked to push the spacebar whenever one is
seen. The test takes less than 5 min per eye. Similarly to SAP, the Peristat test generates
a report with reliability indices and a grayscale visual field image; the results are emailed
to the doctor who ordered the test.

A prospective study [57] comparing Peristat Online Perimetry with Humphrey Visual
Field 24-2 test reported Spearman rank correlations ranging from 0.55 to 0.77 for abnormal
points in both tests. Peristat Online Perimetry demonstrated a high diagnostic ability, with
the AUC ranging from 0.77 to 0.81 for mild glaucoma and 0.85 to 0.87 for moderate to
severe glaucoma.
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2.7.2. Melbourne Rapid Fields (MRF)

This is a web-based program that relies on a touchscreen tablet. Voice prompts of
multiple languages are available. The subject is asked to sit 33 cm away from the screen
and fixate at a crosshair target. There is a square area that the subject is supposed to tap
whenever a stimulus is seen. The stimuli are presented as dots of various intensities in
different locations, similar to SAP. When using a small tablet, the fixation target may shift to
a corner of the screen to widen the visual field area tested (to up to 30 degrees from fixation).
The MRF test takes approximately 3–4 min per eye, which is significantly shorter than the
Humphrey Visual Field 24-2 SITA-standard program (average 6–7 min per eye) [58,59].
After completion of the MRF test, a report is generated, showing the reliability indices, the
sensitivity value of each spot, the total deviation map, the pattern deviation map, and the
visual field gray scale. Multiple studies have shown that MRF has a low retest variability
and high correlation with the Humphrey Field Analyzer [58–61].

2.7.3. Virtual Reality Headsets

In recent years, virtual reality (VR) systems have become available to the public for
entertainment, especially video gaming. VR headsets have gyroscopes that detect head
movement and gaze trackers, allowing the user to immerse into a 3D virtual environment
that shifts according to his/her head and eye movements. This technology is particularly
useful in visual field testing because it eliminates the problem of fixation loss. The accuracy
of a conventional visual field test relies on the subject to fixate at the target for the duration
of the test. This is no longer necessary with a VR system, because the stimulus position can
be adjusted based on the change in fixation. Tsapakis et al. [62] had 20 patients use virtual
reality glasses hooked up to a computer. They ran a software that used a fast-threshold
3-decibel step staircase algorithm to test 52 points scattered across 24 degrees of visual
field from fixation. The patients were asked to click the mouse whenever a stimulus was
seen. This VR visual field test had a high correlation coefficient of 0.808 when compared
with the Humphrey Visual Field. VR visual field systems that are commercially available
include the Advanced Vision Analyzer (Elisar; New City, NY, USA), the C3 Field Analyzer
(Remidio; Glen Allen, VA, USA), the PalmScan VF2000 Visual Field Analyzer (Micro
Medical Devices; Calabasas, CA, USA), Virtual Field (Virtual Field; New York, NY, USA),
VirtualEye Perimeter (BioFormatix; San Diego, CA, USA), VisuALL (OllEyes Inc, Summit,
NJ, USA), and Vivid Vision Perimetry (Vivid Vision, San Francisco, CA, USA).

In addition to fixation loss, current visual field tests rely on patients to minimize
the false-positive rate (meaning hitting the clicker when there is no stimulus presented)
and the false-negative rate (meaning not hitting the clicker when the stimulus should
be seen, based on previous responses). To eliminate the “human factor” of visual field
testing, a VR headset called NGoggle was developed to detect multifocal steady-state
visual-evoked potentials when a stimulus is presented. The headset consists of a wireless
electroencephalogram, an electrooculogram, and a head-mounted display. In a study
where glaucoma was diagnosed based on stereo photographs of the optic discs, Nakanishi
et al. [63] found that the NGoggle had a higher AUC (0.92) than SAP mean deviation (0.81),
SAP mean sensitivity (0.80), and SAP mean pattern standard deviation (0.77), suggesting
that NGoggle may be better at detecting glaucoma than SAP. A VR headset that can detect
visual-evoked potentials may prove to be more accurate and efficient than the current gold
standard of SAP, setting a paradigm shift in visual field testing.

2.8. Artificial Intelligence

In ophthalmology, deep learning in artificial intelligence (AI) has become a hot topic
as it demonstrated remarkable accuracy in the detection of disease. Deep learning is
a machine learning technique that uses multiple layers of an artificial neural network to
extract high-level features from raw data and generate an output. This design is inspired
by how neurons connect with each other in the human brain. In order for the machine to
generate a highly accurate neural network, it needs to be fed a massive set of data that
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encompass all variations. To make the diagnosis of glaucoma and recommend the appro-
priate management plan via telehealth, the ophthalmologist takes into account the IOP,
visual field test report, fundus photography, OCT, and other available test results. Having
a specialist review the data may not be necessary in the future, as artificial intelligence
technology becomes more powerful with the ability to self-learn such as a human.

A number of deep learning AI systems have been developed to diagnose glaucoma
based on optic disc photographs. The European Optic Disc Assessment Study [64] com-
pared the performance of the Pegasus v1.0 (Visulytix Ltd., London, UK) AI software with
that of ophthalmologists and optometrists in diagnosing glaucoma from stereoscopic optic
disc photographs. Pegasus was able to diagnose with an accuracy of 83.4%, which was sta-
tistically similar to the accuracies of ophthalmologists (80.5%) and optometrists (80%). Eyes
that truly had glaucoma were identified by glaucoma specialists who saw reproducible
visual field scotomas that matched the appearance of the optic discs. Several other studies
demonstrated that certain deep learning parameters can achieve high accuracy with AUC
> 0.9 and sensitivity and specificity levels > 90%; false-positive and false-negative results
were commonly due to pathologic myopia [65–70]. Even with the use of different fundus
cameras, deep learning artificial intelligence was able to achieve an AUC > 0.9, provided
that image augmentation was performed [71]. Al-Aswad et al. [72] used data from the
Singapore Malay Eye Study to determine how the Pegasus deep learning system performed
compared with ophthalmologists in diagnosing glaucoma solely based on fundus pho-
tographs. They found that Pegasus outperformed five out of six ophthalmologists and
took only 10% of the time the ophthalmologists did in diagnosing glaucoma. Remarkably,
Medeiros et al. [73] showed that by training a deep learning algorithm to match disc
photographs with OCT RNFL scans, the machine was able to predict the average RNFL
thickness based on the fundus photograph with a high Pearson correlation coefficient of
0.832 and a mean difference of 7.39 microns. In fact, when deep learning artificial intelli-
gence was used on fundus disc photographs taken over time, it was able to identify eyes
with worsening glaucoma based on a decreasing predicted RNFL thickness [74,75].

In addition to the analysis of fundus photographs, deep learning artificial intelligence
can be trained to diagnose glaucoma based on OCT RNFL and the ganglion cell-inner
plexiform layer (GCIPL) scans with high accuracy (AUC > 0.9) [76–81]. In fact, one study
showed that a deep learning model trained with OCT images outperformed SAP and
mean circumpapillary RNFL thickness in detecting glaucoma [76]. If the deep learning
algorithms are exposed to OCT nerve images paired with visual field data, the machine is
able to predict visual field parameters accurately [82,83].

Deep learning can also play a role in diagnosing angle closure based on OCT anterior
segment images. Fu et al. [84] developed a deep learning system to detect angle closure
and tested it on 8270 OCT anterior segment images (of which 895 had angle closure as
classified by clinicians). The system achieved an AUC of 0.96 with a sensitivity of 0.90
and specificity of 0.92. Xu et al. [85] applied deep learning methods on 4036 OCT anterior
segment images (of which 2093 had closed angles) in the Chinese–American Eye Study
and found that the ResNet-18 classifier achieved an AUC of 0.952.

Machine learning of visual field data may have utility in diagnosing pre-perimetric
glaucoma. Asaoka et al. [86] reported that a deep feed-forward neural network classifier
had an AUC of 92.6% in diagnosing pre-perimetric glaucoma based on Humphrey Visual
Field 30-2 data. In addition to diagnosis, deep learning has been shown to predict future
visual field progression. Wen et al. [87] used various deep learning algorithms on more than
30,000 Humphrey Visual Field 24-2 reports and found that the Cascade-Net5 performed
the best in forecasting visual fields up to 5 years later, with a pointwise mean absolute error
(2.47 dB), significantly less than that of the rate of progression linear models (3.77–3.96 dB)
and the pointwise regressed linear model (3.29 dB). Yousefi et al. [88] reported that machine
learning analysis detected visual field progression earlier (at 3.5 years) than global (at
5.2 years), region-wise (at 4.5 years), and point-wise (at 3.9 years) linear regression analyses.
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3. Setups for Telehealth Programs

As discussed previously, telehealth can serve three purposes: (1) screen for glaucoma,
(2) evaluate the severity of glaucoma to determine the treatment plan, and (3) to monitor
disease progression. How each of these purposes can be achieved should depend on the
equipment/facilities available, the patient population (the prevalence of certain types of
glaucoma can vary), and the socioeconomic and/or geographic barriers to face-to-face
ophthalmologic care.

A number of telehealth screening programs have been implemented and can serve
as templates tailored to the needs of the community. For example, the Philadelphia
Telemedicine Glaucoma Detection and Follow-up Study [89] executed a program of which
people at risk for glaucoma could be screened at a primary care practice or a Federally
Qualified Health Center. At the first visit, the participant’s medical and family history
were recorded. An ophthalmic technician used a nonmydriatic, portable fundus camera to
take two fundus photographs (macula and optic nerve) and one anterior segment photo-
graph per eye. The technician measured IOP using the iCare tonometer. If the IOP was
≥30 mm Hg, the participant was referred to an ophthalmologist immediately. All informa-
tion obtained was sent to glaucoma and retina specialists for reading. If a participant had
an IOP of 22–29 mm Hg, an abnormal finding (such as a suspicious optic nerve appearance),
or an unreadable image, he/she were contacted to schedule an eye examination at the same
primary care practice or health center within 6 months. At visit two, the subjects underwent
a slit lamp examination by a glaucoma specialist, along with SAP. The equipment was
brought in by a community outreach van. Based on the assessment at this visit, follow-
up testing, appointment, or treatment was recommended. This screening program was
conducted over 5 years. Of the 902 people screened, 37% had an abnormal image, 17.2%
had an unreadable image, and 6.9% had ocular hypertension; therefore, 59.4% were asked
to attend visit 2. Of the people asked to attend visit 2, 64.7% showed up. Of those who
showed up, 10.9% had glaucoma, 7.2% had ocular hypertension, and 45.8% were glaucoma
suspects. Taken together, 24.6% of the original 902 people screened had glaucoma, ocular
hypertension, or were glaucoma suspects in this urban, multiethnic population.

Similar to the Philadelphia screening program, the Manhattan Vision Screening and
Follow-up Study in Vulnerable Populations (NYC-SIGHT) [90] is a community-based
screening program to be conducted for 5 years, specifically for residents in New York City
Housing Authority developments. Because of the COVID-19 pandemic, participants will
have medical history obtained and a visual function questionnaire asked over the phone
and will be screened for COVID-19 symptoms before being allowed at the community
screening site. At the screening, visual acuity check, IOP measurement, and nonmydriatic
fundus photography are performed. Participants who fail the vision screening will be
scheduled to see an optometrist on-site for a refraction and a nondilated eye examination by
a portable slit lamp and a direct ophthalmoscope. Participants with a high IOP, an abnormal
fundus image, or a concerning examination finding will be referred to an ophthalmologist
in the clinic.

The Michigan Screening and Intervention for Glaucoma and Eye Health Through
Telemedicine (MI-SIGHT) [91] and the Alabama Screening and Intervention for Glaucoma
and Eye Health Through Telemedicine (AL-SIGHT) [92] programs are designed to be more
comprehensive at the first visit. Similarly to the Philadelphia program, federally qualified
health centers are used, and people with specific risk factors for glaucoma are eligible.
In the Alabama program, an ophthalmic technician checks the visual acuity, performs
auto-refraction, measures IOP with iCare rebound tonometer, and takes images using
a combined OCT and fundus camera machine (Maestro2, Topcon Medical Systems, Oak-
land, NJ, USA) and a smartphone with an adapter (D-Eye retinal camera), and performs
visual field testing using the Humphrey Visual Field Analyzer and Melbourne Rapid
Fields application on a tablet. In the Michigan program, an ophthalmic technician checks
the visual acuity and performs refraction, assesses the iridocorneal angle with penlight,
assess ocular motility, measures IOP with iCare tonometer, and dilates the participant if
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IOP < 30 mm Hg and/or angles are not narrow. Fundus photographs and OCT RNFL
images are obtained when the pupils are dilated. In both programs, the data are sent to
an ophthalmologist for review in order to determine the appropriate follow-up.

Rather than screening the community for glaucoma, a telemedicine program [93] in
Northern Alberta served as a glaucoma consult service. Patients seen by an optometrist,
ophthalmologist, or family physician were referred to the program if they had risk factors
for glaucoma or suspicious-looking optic discs or visual field test. At each office, a tonome-
ter, corneal pachymeter, visual field machine, and a retinal camera were available for use
by technicians. A glaucoma specialist at the University of Alberta then reviewed the data
remotely and gave recommendations for management and follow-up.

In addition to screening for glaucoma, telemedicine can be used to monitor for the
development of glaucoma. The Kaiser Permanente Eye Monitoring Center conducted
a 2-year telemedicine program [94] to monitor low-risk glaucoma suspects. Each year,
a technician checked the visual acuity, measured the IOP using a handheld applanation
tonometer, and took OCT RNFL images at a local ophthalmology clinic. Different from
other telemedicine programs, the data were sent to a trained technician first, rather than
a glaucoma specialist. If there was a decline in visual acuity of at least two lines, an IOP
elevation ≥ 5 mm Hg, or a significant change in the RNFL thickness in the superotemporal
or inferotemporal region (defined as ≥10-micron reduction or transition into the abnormal
red range), the technician would send the patient data to a glaucoma specialist for review
remotely. Of the 225 glaucoma suspects enrolled in the program, five were referred for
examination by an ophthalmologist due to concern for progression on OCT. Of those five
patients, two were started on glaucoma medications. This program demonstrated that
telemedicine is a viable option for monitoring glaucoma suspects and can capture the small
number of patients who develop glaucoma and need treatment.

Telehealth programs can be used to monitor patients with an established diagnosis
of glaucoma as well. Rutgers New Jersey Medical School conducted a program [95] on
patients who had glaucoma or were glaucoma suspects. The patients went through the
tele-glaucoma setup in the following order: (1) medical history intake; (2) IOP measurement
with puff tonometer; (3) auto-refraction; (4) OCT imaging of the iridocorneal angle (and
central corneal thickness measurement), cup/disc ratio, RNFL, and ganglion cell complex;
(5) nonmydriatic color photography of the anterior segment and fundus, as well as auto-
fluorescence imaging of the fundus. A glaucoma specialist then reviewed the data remotely
and gave recommendations on management and follow-up. To compare the accuracy
of the data and assess the program with a clinical examination, the subjects underwent
a comprehensive eye examination on the same day by an ophthalmologist. IOP was
measured by Goldmann applanation and the slit lamp was used to examine the anterior
segment and fundus. OCT and visual field testing were performed under the discretion
of the ophthalmologist. When comparing the tele-glaucoma program with the clinical
examination, there were strong correlations in IOP measurements and cup/disc ratios.
The recommended follow-up time was shorter for the tele-glaucoma program (2.7 months
vs. 3.9 months). The clinical examination was better at identifying exotropia, iridotomy,
iris neovascularization, and trabeculectomy. The tele-glaucoma program was better at
identifying narrow angles, age-related macular degeneration, macular edema, diabetic
retinopathy, retinal vein occlusion, choroidal nevus, and splinter hemorrhages.

A similar study [96] in London compared a “virtual clinic” staffed by an ophthalmic
nurse versus an examination by an ophthalmologist for patients with open angle glaucoma.
In the nurse clinic, a technician checked visual acuity, conducted SAP, took fundus photos,
and performed scanning laser ophthalmoscopy with Heidelberg Retina Tomography. The
nurse performed Goldmann applanation tonometry and a slit lamp examination of the an-
terior segment. The patient then was examined by an ophthalmologist and the assessment
was recorded. One year later, the same ophthalmologists who took part in the study were
asked to review the data from the nurse “virtual clinic” a year ago and classify whether
the patient was stable or unstable based on just these data. The study found that 3.4%
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of patients were misclassified as “stable” by review of the “virtual clinic” data when in
fact they were “unstable” according to the in-person assessment by the ophthalmologist.
The authors concluded that 3.4% was an acceptably low misclassification rate and that
a “virtual clinic” run by ophthalmic nurses can be a viable option for managing relatively
stable glaucoma patients.

A review of these glaucoma telehealth programs shows that a variety of setups can be
used to screen for glaucoma and monitor for disease progression. At the bare minimum,
a technician should record the patient’s medical history, visual acuity, IOP, and take
a fundus photograph. Technological advances have allowed IOP measurements without
the use of topical anesthetic and fundus imaging without pharmacologic pupillary dilation.
SAP to detect visual field scotomas and OCT to detect structural nerve fiber layer loss can
provide additional valuable data, but these bulky machines are unlikely available outside
of the ophthalmology clinic setting. As deep learning artificial intelligence technology
matures, fundus imaging may be all that is needed to accurately predict RNFL thickness
and visual field loss. Artificial intelligence will play a significant role in reducing the
amount of equipment required for glaucoma screening and monitoring through telehealth.
A summary of the components of a glaucoma telehealth examination is listed in Table 1.
Even at its current state, without reliance on artificial intelligence, telehealth has shown to be
cost-effective. An analysis of remote glaucoma screening in rural Alberta, Canada revealed
that teleglaucoma costs an average of CAD 867 per patient, which was dramatically less
than the average CAD 4420 per patient for in-person screening [97]. In order to control
healthcare costs while providing access to care, especially in rural regions, telehealth
will become an important tool in the screening and monitoring of chronic diseases such
as glaucoma.

Table 1. Components of a glaucoma telehealth examination.

Utility Disadvantages

Visual Acuity
Changes can be due to a new central

scotoma, refractive error, cataract, and
other ocular pathologies.

Glaucoma typically presents with peripheral visual field
loss which visual acuity does not assess. Only very

advanced glaucoma affects visual acuity.

Intraocular Pressure (IOP)
A very important parameter to assess the

efficacy of treatment and a major risk
factor for disease progression.

Goldmann applanation, the gold standard for
measuring IOP, is only performed in clinic. Portable
tonometers can significantly differ from Goldmann
measurements for IOPs outside the normal range.

Anterior Segment
Photography

In lieu of the slit lamp examination, the
camera can capture abnormalities of the

external and anterior parts of the eye.

The camera may miss subtle pathologies such as
a pigment deposition on the corneal endothelium or iris

neovascularization. In addition, it cannot capture the
anterior chamber cell and flare.

Iridocorneal Angle
Imaging

Identifies eyes with anatomic narrow
angles at risk for acute angle

closure glaucoma.

Angle camera devices and UBM require instillation of
topical anesthetic.

Fundus Photography

Captures images of the optic nerve head
and macula. Progressive cupping of the

optic nerve is a sign of
uncontrolled glaucoma.

Although many cameras do not require pharmacologic
dilation, the brightness and resolution of the images

may be affected by pupil size.

Ocular Coherence
Tomography (OCT)

Measures retinal nerve fiber layer
thickness using near-infrared light.

A reference database is available for
comparison. An abnormally thin nerve

fiber layer or progressive thinning is
a sign of uncontrolled glaucoma.

The device is not portable and is only available in clinic.
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Table 1. Cont.

Utility Disadvantages

Visual Field

Testing is important to detect early
peripheral visual field loss and to

monitor for expansion of the scotoma.
The amount of visual field loss

determines the severity of disease and
plays a role in setting the target IOP.

Traditional standard automated perimetry is not
portable and is only available in clinic. Visual field
monitoring at home can only be performed using a
web-based program on a computer, a tablet, or with

virtual reality glasses.

Artificial Intelligence
(Deep Learning)

By self-learning via an artificial neural
network, the technology has

demonstrated remarkable accuracy in
diagnosing glaucoma and monitoring for
disease progression using fundus images,

OCT, and visual field.

It is still under development and not available to the
public yet.

4. How the Coronavirus Pandemic Shaped Telehealth

In December 2019, a novel respiratory illness COVID-19 emerged in Wuhan, China.
Because of the disease’s highly contagious nature, it quickly spread globally, and a pan-
demic was declared by the World Health Organization on 11 March 2020. Governments
worldwide imposed lockdowns to stop the spread of disease, as COVID-19 overwhelmed
hospital systems with vast numbers of people requiring ventilators. In the United States,
state governments issued stay-at-home orders and social distancing guidelines. People
were asked to work from home and to avoid venturing outside except for essential activi-
ties. On 18 March 2020, the American Academy of Ophthalmology (AAO) recommended
the cessation of elective surgery and routine clinic visits to protect patients from catching
COVID-19 and to conserve personal protective equipment (PPE).

Because many ophthalmology practices closed their offices, telehealth through video
visits became a necessary way for patients to see their doctors. In the United States,
the Centers for Medicare and Medicaid Services (CMS) relaxed the requirements to bill
for telehealth visits; thus, allowing practices to be reimbursed for remote patient care.
Many practices implemented a telemedicine program for the first time and had to develop
protocols to address patient needs virtually. Saleem et al. [98] depicted a workflow diagram
as a reference to implement an ophthalmology telemedicine program. Essentially, the front
desk staff reaches out to patients who had their appointments canceled and offers them
a telephone or video visit for non-urgent problems. If the patient describes an issue that
appears to be an emergency, the physician is contacted to determine whether the problem
can be addressed remotely or the patient must be examined in person.

A major hurdle in managing glaucoma patients through video visits is that glaucoma,
for the most part, is an asymptomatic disease, unless there is a substantial increase in
IOP causing eye pain or rapid visual field loss causing noticeable constriction in vision.
A video visit does not allow for IOP measurement, visual field testing, or the visualization
of the optic nerve. A crude method for the patient to estimate IOP is via finger palpation
on the eye through the eyelid. A more accurate way than digital palpation is for the
patient to use the iCare HOME rebound tonometer on him/herself. The tonometer is easy
to use, comfortable, and requires no topical anesthetic. Because the device is expensive,
companies such as MyEYES (myeyes.net) and Enlivened (enlivened.com) offer rentals
for a fee. Patients are taught how to use the device and borrow it for one or more weeks.
The downside, however, is that the IOP readings are not displayed; the patient must
return the device to the office to extract the IOP diurnal curve. An alternative to using the
iCare HOME is to wear the Sensimed Triggerfish® Contact Lens, which makes automated
corneoscleral dimensional measurements for 24 h. However, the patient is required to
have a circular antenna taped around the eye, wear a recording device hanging from the
neck, and return to the office the next day to extract the diurnal curve. A new contact lens
being developed in South Korea allows for convenient IOP monitoring using a smartphone.
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Implantable devices such as the Eyemate® and Injectsense can provide IOP monitoring as
well. If there is concern for visual field progression, the patient can use the computer-based
Peristat Online Perimetry, the tablet-based Melbourne Rapid Fields program, or virtual
reality perimetry to generate a visual field report and send it to the physician.

As pandemic lockdown restrictions loosened, ophthalmology practices reopened with
the implementation of new protocols for the safety of the patients and staff members.
Vinod et al. [99] described methods that practices used to enforce social distancing and
enhance safety, such as limiting the number of appointments, rearranging chairs in the
waiting rooms, asking patients to remain in their cars outside the clinic until they are
called, mandating everyone to wear masks, and installing large breath shields on slit lamps.
However, some patients are still uncomfortable with in-person examinations and prefer
telehealth until the pandemic ends.

5. Conclusions

As demand for glaucoma care increases, there will be a need for telehealth. Just as
radiologists review scans remotely, ophthalmologists can review results and risk-stratify
patients. A glaucoma suspect can be monitored remotely, provided that one has access to
an OCT or visual field machine yearly. A patient with well-controlled mild to moderate
glaucoma can also be monitored remotely if one has IOP measurements performed reg-
ularly and that an in-person dilated examination is performed annually. A patient with
uncontrolled or severe glaucoma should have face-to-face visits, as there is much less room
for error and a high likelihood of needing laser or surgical procedures. This algorithm for
remote monitoring is illustrated in Figure 1. Essentially, face-to-face examinations can be
limited to confirmation of diagnosis, management of patients with uncontrolled or severe
glaucoma, and patients with new, concerning ocular symptoms. The telehealth approach
is cost-effective and can increase patient satisfaction by decreasing waiting time during
visits. Telehealth is particularly beneficial for patients in rural areas who have limited
access to care and in the setting of a pandemic, when social distancing is enforced and
the number of appointments is severely limited to reduce disease spread. Deep learning
artificial intelligence will play an increasing role in the diagnosis and management of
glaucoma using data extracted from telehealth.

Figure 1. Algorithm for Remote Monitoring. IOP: intraocular pressure. OCT: Optical coherence
tomography.
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Abstract: Glaucoma patients require lifelong management, and the prevalence of glaucoma is ex-
pected to increase, resulting in capacity problems in many hospital eye departments. New models of
care delivery are needed to offer requisite capacity. This review evaluates two alternative schemes for
glaucoma care within a hospital, i.e., shared care (SC) and virtual clinics (VCs), whereby non-medical
staff are entrusted with more responsibilities, and compares these schemes with the “traditional”
ophthalmologist-led outpatient service (standard care). A literature search was conducted in three
large bibliographic databases (PubMed, Embase, and Trip), and the abstracts from the prior five
annual meetings of the Association for Research in Vision and Ophthalmology were consulted.
Twenty-nine were included in the review (14 on SC and 15 on VCs). Patients with low risk of vision
loss were considered suitable for these approaches. Among the non-medical staff, optometrists
were the most frequently involved. The quality of both schemes was good and improved with
the non-medical staff being trained in glaucoma care. No evidence was found on patients feeling
disadvantaged by the lack of a doctor visit. Both schemes increased the hospital’s efficiency. Both
SC and VCs are promising approaches to tackle the upcoming capacity problems of hospital-based
glaucoma care.

Keywords: glaucoma; ocular hypertension; outpatient clinic; shared care; allied health personnel;
collaborative care; patient care; virtual clinic; virtual system; user computer interface

1. Introduction

Glaucoma is the leading cause for irreversible visual loss worldwide [1]. Periodic
assessments are necessary to detect progression at an early stage and to adjust treatment
in order to prevent further damage. Once diagnosed with glaucoma, even when asymp-
tomatic, the patient requires lifelong management [2].

The prevalence of glaucoma is expected to increase. The elderly population is growing,
and the prevalence of glaucoma increases with age [3]. Advances in diagnostic technologies
also allow for earlier detection [4–6]. Furthermore, in the case of the UK, the National
Institute for Health and Care Excellence (NICE) released guidance on the diagnosis and
management of glaucoma [7], which resulted in an increase in the total number of referrals
to hospitals [8,9]. Many hospital eye departments fear capacity problems, since the increase
in newly diagnosed cases is not followed by a proportional increase in the number of
ophthalmologists [10–12]. Ophthalmologists will be obliged to stretch the time intervals
between follow-up (FU) appointments, with the risk of not detecting glaucoma progression
early on [13]. Moreover, patients with a known higher risk of blindness will be prioritized,
thereby reducing access for new patients [14].
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One solution is to increase the number of ophthalmologists, which is not feasible in
most cases [15]. Another solution is to increase efficiency; studies have identified both
shared care (SC) and virtual clinics (VCs) as alternative methods offering a safe, efficient
and accepted framework for glaucoma care [16]. For the care of other chronic diseases,
such as asthma [17] or diabetes [18], SC schemes have already been demonstrated to be
safe, cost-effective and acceptable. VCs have been demonstrated to be beneficial in the care
of suspected melanoma [19] and chronic kidney diseases [20].

The aim of this paper was to review the existing literature concerning SC and VCs
running in a hospital-based setting. For each scheme, the implementation was investigated,
including the role delegation between the different Health Care Providers (HCPs) and the
envisioned type of patients. The quality, the productivity and the acceptance of the care
delivered were also examined.

2. Methods

2.1. Study Selection

A literature search was performed using the MEDLINE (PubMed), Embase and Trip
databases to identify articles concerning SC and VCs published between January 2000 and
July 2021. Relevant abstracts from the annual meeting of the Association for Research in
Vision and Ophthalmology (ARVO) of the previous five years were also included.

Two different search queries were made, both using the keywords [glaucoma], [ocular
hypertension] and [outpatient clinic]. One search query additionally included the keywords
[shared care], [allied health personnel], [collaborative care] and [patient care]. The second
search query additionally include the keywords [virtual clinic], [virtual system], and [user
computer interface].

Moreover, in order to expand the search, we conducted backward citation tracking, by
examining the included article’s reference lists.

2.2. Inclusion and Exclusion Criteria

The following inclusion criteria were used: (1) studies evaluating the organization
of the glaucoma care pathway; (2) studies evaluating an alternative way of practice, i.e.,
SC and/or VCs; (3) patients with the diagnosis of glaucoma or suspected glaucoma, or
patients at risk of developing glaucoma, e.g., having ocular hypertension (OHT); (4) the
staff, working at the clinic, had to be at least one medical Glaucoma Expert (GE) and one
non-medical HCP; (5) the clinic operating in a hospital-based setting.

The following exclusion criteria were used: (1) studies evaluating referral patterns
from a community-based clinic; (2) studies evaluating case-finding by screening the general
population; (3) only optometrists running the clinic; (4) only doctors running the clinic; (5)
studies evaluating the care delivered by non-medical HCPs against the care delivered by
general ophthalmologists without training or experience in the subspecialty of glaucoma;
(6) tele-medicine; (7) virtual reality; (8) the clinic operating in a community-based setting
only; (9) the following types of publications (editorials, commentaries, letters); (10) animal
studies or in-vitro studies. Only publications in English were considered.

2.3. Terminology
2.3.1. Glaucoma Subtypes

One of the most prevalent subtypes is open-angle glaucoma, where the anterior
chamber angle is open and the intra-ocular pressure (IOP) is usually elevated, i.e., above
21 mm Hg [21].

Another subtype is closed-angle glaucoma, where the anterior chamber angle is closed.
Despite being less prevalent worldwide, closed-angle glaucoma carries a much higher risk
of blindness because narrow/closed angles can lead to very high IOP levels in a short
period of time [22].

A glaucoma suspect is characterized by having glaucomatous visual field defects or
glaucomatous structural optic nerve defects (and not both) [23]. OHT is a condition of hav-
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ing a documented IOP > 21 mm Hg without evidence of visual or structural glaucomatous
damage [24].

2.3.2. HCP Working in the Clinic

In this review, ophthalmologists will be referred to as Glaucoma Experts (GEs). No
specific criteria for the training were used, since this certification process has only been
established in recent years through the collaboration between the European Board of
Ophthalmology (EBO) and the European Glaucoma Society (EGS) [25].

The non-medical staff may consist of ophthalmic nurse practitioners (ONP), orthoptists,
optometrists and ophthalmic technicians, with different training and responsibilities [26].

Kappa (κ) values were used to measure the chance-corrected agreement between
HCPs on a scale of 0.00 to 1.00, indicating no to perfect agreement, respectively. The
nomenclature of Landis and Koch was adopted for denominating different kappa ranges
as follows: 0.00–0.20 as “slight”, 0.21–0.40 as “fair”, 0.41–060 as “moderate”, 0.61–0.80 as
“substantial” and 0.81–1.00 as “almost perfect” agreement [27].

2.3.3. Organization of the Clinic

In standard care (StC) of glaucoma, patients have their appointment with a GE who
makes the diagnosis, sets up a management plan during the initial assessment, and decides
on a possible change of the management plan during follow-up.

In SC, the non-medical staff assesses patients during most appointments alone. At
regular intervals, or earlier if the patient meets the referral criteria, an appointment is
planned with the GE, who will examine the patient face-to-face, as is the case in the StC.

In a VC, both HCPs assess the patient at each appointment, with the non-medical
staff assessing the patient in a face-to-face consultation and the GE examining the patient
remotely, by virtually reviewing the data collected by the non-medical staff.

3. Results of Shared Care Studies

3.1. Study Selection

From the 400 articles identified, 13 were selected, complemented with one additional
article obtained from the reference lists. The processes of identification, screening, dupli-
cates removal and full-text assessment are shown in Figure 1.

3.2. Description of the Included Articles

Illustration of the baseline characteristics of the selected articles, including study
design, year, location, hospital, SC clinic and population (Table 1).

3.2.1. Recommendations for Shared Glaucoma Care

Two articles provided a model of reference and recommendations on how glaucoma
care could benefit from involving the non-medical staff [28,29]. The recommendations
of the Australian and New Zealand Glaucoma Interest Group and the Royal Australian
and New Zealand College of Ophthalmologists (ANGIG&RANZCO) [28] followed the
National Health and Medical Research Council (NHMRC) guidelines [30], and the recom-
mendations from the Canadian Glaucoma Society Committee (CGSC) [29] followed the
Canadian Ophthalmology glaucoma clinical practice guidelines (COSgcpg) [31]. For their
risk assessment, however, they used the same guidelines [32]. They did not examine the
performance of the non-medical staff nor the performance of a SC scheme in general.
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Figure 1. Study selection PRISMA flow chart on Shared Care. Abbreviations: ARVO = Annual
Meeting of the Association for Research in Vision and Ophthalmology; n = amount.

3.2.2. Implementation and Performance of SC Clinics

These articles compared the performance of the non-medical staff with that of the GE,
or compared SC in general with StC [33–44]. All articles concentrated on an actual clinic
performing SC, including the glaucoma follow-up unit in the Rotterdam Eye Hospital
(SC-GFU) [36–38], the Mayo clinic (SC-MC) [33–35], the Moorfield Eye Hospital (SC-
MEH) [40,42], the Queen’s medical centre (SC-QMC) [39], the Stable Glaucoma Clinic in
New Zealand (SC-SGC) [43], the Glaucoma Management Clinic in Australia (SC-GMC) [44]
and one established between the Royal Victorian Eye & Ear Hospital and the Australian
College of Optometry (SC-RVAC) [41]. The corresponding StC clinic in each hospital is
referred as “StC—(name of the corresponding clinic/hospital)”.

3.3. The Organization: Implementing SC for Glaucoma
3.3.1. The Role of the GE

As a common rule, new patients had to be assessed by a GE, who decided on their
diagnosis, set the target intra-ocular pressure (tIOP) and implemented a management
plan. The recommendations of both the ANGIG&RANZCO [28] and the CGSC [29] formed
an exception as they considered the GE’s initial assessment unnecessary when a new
patient was initially assessed by the non-medical staff and judged to be of low-to-moderate
risk [29], without significant ocular risk factors [28]. After the initial assessment, the GE
still examined the patient, however less frequently than in StC.

3.3.2. The Role of the Non-Medical Staff

The prerequisite skills of the non-medical staff working in the corresponding SC
scheme are listed in Table 2.
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Table 1. Baseline Characteristics “Shared Care”.

First Author, Year Country Hospital SC/Recommendation Study Sample
NG/OSR vs.
FU-Patients

White et al., 2014 Australia and New
Zealand / ANGIG&

RANZCO / FU-patients

Bentley et al., 2019 Australia RVEEH SC-RVAC 1024 patients FU-patients

Canadian
Glaucoma Society
Committee, 2011

Canada / CGSC / FU-patients

Holtzer-Goor et al.,
2010 The Netherlands REH CS-GFU

815 patients (2100
visits)

SC-GFU: 405 (1181
visits)

StC-GFU: 410 (919
visits)

FU-patients

Holtzer-Goor et al.,
2016 The Netherlands REH CS-GFU

815 patients (2100
visits)

SC-GFU: 405 (1181
visits)

StC-GFU: 410 (919
visits)

FU-patients

Lemij et al., 2010 The Netherlands REH CS-GFU

815 patients (2100
visits)

SC-GFU: 405 (1181
visits)

StC-GFU: 410 (919
visits)

FU-patients

Damento
et al.,2018 USA MC SC-MC 358 patients FU-patients

Winkler et al.,2017 USA MC SC-MC 591 patients FU-patients

Shah et al., 2018 USA MC SC-MC 200 patients (299 eyes) FU-patients

Banes et al., 2000 UK MEH SC-MEH 54 patients (102 eyes) FU-patients

Banes et al., 2006 UK MEH SC-MEH 349 patients FU-patients

Ho et al., 2011 UK QMC SC-QMC 140 patients FU-patients

Bhota et al., 2019 New Zealand SGC SC-SGC 509 patients (760
visits) FU-patients

Phu et al., 2019 Australia GMC SC-GMC 101 patients FU-patients

Abbreviations: SC = shared care clinic; StC = standard care clinic; FU = follow-up; NG/OSR = new glaucoma/ocular hypertension suspect
referrals; ANGIG&RANZCO = recommendations of the Australian and New Zealand Glaucoma Interest Group and the Royal Australian
and New Zealand College of Ophthalmologists; SC-RVAC = shared care clinic, established between the Royal Victorian Eye & Ear Hospital
and the Australian College of Optometry; CGSC = recommendations from the Canadian Glaucoma Society Committee; RVEEH = Royal
Victorian Eye & Ear Hospital; GFU = Glaucoma Follow-up Unit; MC = Mayo Clinic’s campus in Rochester; MEH = Moorfield Eye Hospital;
QMC = Queen’s medical center; REH = Rotterdam Eye Hospital; USA = United States of America; UK = United Kingdom, SGC = Stable
Glaucoma Clinic, GMC = Glaucoma Management Clinic; WEI = Wilmer Eye Institute.
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Table 2. The prerequisite skills of the non-medical staff working in the corresponding shared care scheme.

SC/
Recommendations

NMS
History
Taking

IOP VA
Slit-Lamp

Examination
+Gonio VF

Fundus
Photographs

OCT HRT GDx CCT

ANGIG&
RANZCO NS x x x x(a&p) x x x x* x* x* x

SC-RVAC Opto NS◦ NS◦ NS◦ NS◦ NS◦ NS◦ NS◦ NS◦ NS◦ NS◦ NS◦

CGSC Opto x x NS x(a&p) x x x x** x** x** 0

SC-GFU Opto
OT x x x 0 0 x 0 0 0 x 0

SC-MC Opto x x x x(a&p) 0 x x x 0 0 0

SC-MEH Opto x x NS x(a&p) x x x*** x*** x*** x*** x***

SC-QMC Opto x x NS x(a&p) x x 0 x x 0 x

SC-SGC Opto x x NS NS NS x x 0 x 0 NS

SC-GMC Opto x x x x(a&p) x x NS 0 x 0 0

Abbreviations: x = task performed by the corresponding member of the non-medical staff; 0 = task not performed by any member of
the non-medical staff; x* = preferable rather than mandatory; x** = automated imaging tests, not further specified; x*** = could decide
on further assessment if indicated; NS = not specified; NS◦ = not specified, but based on the recommendations of the Australian and
New Zealand Glaucoma Interest Group and the Royal Australian and New Zealand College of Ophthalmologists; Opto = optometrists;
OT = Ophthalmic technician; (a&p) = anterior&posterior segment; SC = shared care clinic; NMS = non-medical staff; IOP = intra-ocular
pressure; VA = visual acuity; Gonio = gonioscopy; VF = visual field; OCT = optical coherence tomography; HRT = Heidelberg retinal
tomography; GDx = GDx ECC scanning laser polarimetry; CCT = central corneal thickness; ANGIG&RANZCO = recommendations of
the Australian and New Zealand Glaucoma Interest Group and the Royal Australian and New Zealand College of Ophthalmologists;
SC-RVAC = shared care clinic, established between the Royal Victorian Eye & Ear Hospital and the Australian College of Optometry; CGSC
= recommendations from the Canadian Glaucoma Society Committee; GFU = Glaucoma Follow-up Unit; MC = Mayo Clinic’s campus
in Rochester; MEH = Moorfield Eye Hospital; QMC = Queen’s medical centre; SGC = Stable Glaucoma Clinic in New Zealand; GMC =
Glaucoma Management Clinic in Australia.

In all SC schemes/recommendations, the non-medical staff had to perform and inter-
pret a patient’s history, visual acuity (VA), IOP and visual field (VF). Depending on the SC
scheme/recommendation, their required skill set also included optic disc assessment, slit-
lamp examination of the posterior segment, assessment of GDx, OCT and HRT, measuring
the central corneal thickness (CCT), gonioscopy and/or fundus photography.

3.3.3. Patient Characteristics

Table 3 provides an overview of the characteristics that render patients suitable or
unsuitable for each SC clinic, along with a list of conditions requiring referral to a GE.

Table 3. The characteristics that render patients suitable or unsuitable for each shared care clinic, along with a list of
conditions requiring referral to a Glaucoma Expert.

SC/Recommendations NMS Suitable Unsuitable
Model-Specific

Referral
Patient-Specific

Referral

ANGIG& RANZCO NS OHT; GS; G: stable &
low/moderate risk

High risk of visual
loss, e.g., other ocular

diseases; advanced
glaucoma (both stable
and unstable); closed

angles

GS: every 3–4 y; G
early/moderate
stable: every 2 y

Recent diagnosis;
start of therapy;
unstable disease;
acutely raised or
very high IOP;
narrow angles

SC-RVAC Opto NS◦ NS◦ NS◦ NS◦

CGSC Opto

OHT; GS; G: stable &
low risk; Other

concurrent eye diseases
related to G

G: unsta-
ble/moderate/advanced

GS: every 3–4 y; G
early: every 2–3 y

Recent diagnosis;
start of therapy; GS

with high risk
(suspected

progression);
unstable G; acutely
raised or very high

IOP
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Table 3. Cont.

SC/Recommendations NMS Suitable Unsuitable
Model-Specific

Referral
Patient-Specific

Referral

SC-GFU Opto
OT OHT; GS; G: stable

Complex cases: other
ocular diseases; H

laser therapy for DRP

G and GS: every
third visit

Recent diagnosis;
suspected

progression

SC-MC Opto

G: stable
(mild/moderate/advanced);

Other concurrent eye
diseases

G: unstable

Mild G: every 3 y;
moderate G: every
2 y; advanced G:

every 1 y

Recent diagnosis;
suspected

progression;
significant cataract;

intolerant of
medications

SC-MEH Opto OHT; GS; G; Other
concurrent eye diseases

Known clinical
complication, H laser

therapy/surgery

OHT: every 1 y;
stable G: every 6

mo; after change in
therapy: 1 mo

Recent diagnosis;
changes in
treatment

SC-QMC Opto OHT; GS; G; Other
concurrent eye diseases

H laser
therapy/surgery NS

Recent diagnosis;
changes in
treatment

SC-GSC Opto OHT; GS; G: stable
Other ocular diseases;

G: unstable; recent
treatment changes

NS Unstable G

SC-QMC Opto OHT; GS; G: stable
G: severe and

complicated; other
ocular diseases

NS Narrow angles

Abbreviations: OHT = ocular hypertension patient; GS = glaucoma suspect patients; G = glaucoma patient; NS = not specified; NS◦ = not
specified, but based on the recommendations of the Australian and New Zealand Glaucoma Interest Group and the Royal Australian and
New Zealand College of Ophthalmologists; Opto = Optometrist; OT = Ophthalmic Technician; ONP: Ophthalmic Nurse Practitioner; H
= history of; y = year(s); DRP = diabetic retinopathy; mo = month(s); IOP = intra-ocular pressure; PDS = pigment dispersion syndrome;
PXF = pseudo exfoliation syndrome; SC = Shared Care clinic; NMS = Non-Medical Staff; ANGIG&RANZCO = recommendations of
the Australian and New Zealand Glaucoma Interest Group and the Royal Australian and New Zealand College of Ophthalmologists;
SC-RVAC = shared care clinic, established between the Royal Victorian Eye & Ear Hospital and the Australian College of Optometry; CGSC
= recommendations from the Canadian Glaucoma Society Committee; GFU = Glaucoma Follow-up Unit; MC = Mayo Clinic’s campus
in Rochester; MEH = Moorfield Eye Hospital; QMC = Queen’s medical centre; SGC = Stable Glaucoma Clinic in New Zealand; GMC =
Glaucoma Management Clinic in Australia.

• Unsuitable

As a general rule, new patients were considered unsuitable and needed an initial
assessment by a GE. According to Ho et al. [39], decision-making at a first appointment
was more related to diagnosis rather than continuing management.

Except for the SC-MEH [40,42] and the SC-QMC [39], patients with unstable glaucoma
were considered unsuitable. A patient was considered to be unstable, if the tIOP was
exceeded, or if progression was detected using functional or structural testing.

Complicated cases were also excluded, due to the high risk of visual loss. Patients
were deemed to fall into this category if they had other eye diseases, advanced glaucoma
(definite optic disc pathology or repeatable visual field loss over 12 dB and/or within
10 degrees of fixation, with or without normal IOP [28]), clinical complications or (recently)
underwent surgery or laser therapy.

• Suitable

Generally, a patient was considered suitable when being stable, a glaucoma suspect,
or with a low-to-moderate risk of visual loss.

• Back-referral

A patient could be referred back to the GE, in case of patient-specific conditions or at
regular intervals, regardless of the glaucoma status, as an internal quality check.
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3.4. Impact on Glaucoma Care
3.4.1. Quality of Care (QoC)

Distinction is made between the QoC provided by the non-medical staff and the QoC
provided by the SC clinic in general (see Table 4). Quality is measured by evaluating
completeness, accuracy and management decisions.

Table 4. The quality of care provided by the non-medical staff and the quality of care provided by the shared care clinic
in general.

SC/Hospital First Author
Compliance with

Protocol
(GFU)/Guidelines

Results of Tests
and Examinations

Glaucoma Status Referral
MD: Clinical
Management

SC-RVAC Bentley et al. [41]
SC vs. AAO PPPg,
ANGIG&RANZCO
- >85%

Optic nerve
assessment skills (%
correct diagnosis):
-mean increase of
14.0% *

NS NS NS

SC-GFU

Holtzer-Goor et al. [38] NMS vs. protocol
- >98.8% of the visits NS

SC vs. STC
- % visits stable: SC
(17.0%) ≈ StC
(16.0%) **
- % visits with
shortening of
FU-interval: SC
(16.0%) ≈ StC
(15.1%) **

NMS: correct
referral to GE
- 84.4% of the
remarkable cases

SC vs. StC
- Treatment changes:
SC (14.0%) ≈ StC
(15.0%) **

Holtzer-Goor et al. [36]

NMS vs. protocol
- IOP, VA, GDx: >
97.5%
- VF: 25.4%
SC/StC vs. protocol
- IOP: SC ≈ StC **
- VA: SC > StC *
- GDx: SC > StC *
- VF: SC ≈ StC **

SC vs. StC
- VA decline (%
visits): SC (3.9%) <
StC (6.3%) *
- IOP: SC ≈ StC **
- VF: SC ≈ StC **
- GDx: SC ≈ StC **

NMS: correct
referral to seek
advice from GE
- 100.0%: SOF on
GDx/VA- 84.6%:
IOP > tIOP
- 68.2%: VA declined
>2 lines

SC vs. StC
-Treatment changes:
SC (14.0%) ≈ StC
(15.0%) **
-Reason for change:
SC ≈ StC **

Lemij et al. [37]

NMS vs. protocol
- IOP, VA, GDx: >
97.5%
- VF: 41.2% ***
SC/StC vs. protocol
- IOP: SC ≈ StC **
- VA: SC > StC *
- GDx: SC > StC *
- VF: SC ≈ StC **
-Slit-lamp exam: SC
< StC *

SC vs. StC
- IOP: SC ≈ StC **
- VA: SC ≈ StC **
- GDx: SC ≈ StC **
- VF: SC ≈ StC **

NMS: correct
referral to GE
(50.0%)
- 92.0%: SOF on
GDx
- 75.0% SOF on VF
- 66.7%: IOP > tIOP
- 36.0%: VA declined
>2 lines

SC vs. StC
-Treatment changes:
SC (14.1%) ≈ StC
(15.4%) **
-Reason for change:
SC ≈ StC **

SC-MC

Damento et al. [37]

SC/StC vs. AAO
PPPg (mean
number of
diagnostic tests)
- 13 mo: SC > StC *
- 25 mo: SC > StC *

NS

SC vs. StC (number
of patients visits)
- 13 mo: SC > StC *
- 25 mo: SC > StC *

NS NS

Winkler et al. [35]

SC/StC vs. AAO
PPPg (% of patient
visits)
- Combined
compliance *: SC >
StC *
- VF: SC ≈ StC **
- Gonio: SC > StC *
- Fundus
photographs: SC >
StC *
- OCT: SC > StC *
- CCT: SC ≈ StC **

NS NS NS
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Table 4. Cont.

SC/Hospital First Author
Compliance with

Protocol
(GFU)/Guidelines

Results of Tests
and Examinations

Glaucoma Status Referral
MD: Clinical
Management

SC-MC
Shah et al. [33]

Opto vs. GE
(frequency of
clinical test data
used to assess
progression)
- IOP: opto > GE *
- Disc hemorrhage:
opto≈ GE **
-Fundus
photographs:
opto≈ GE **
- VF: opto < GE
(p=0.07, tendency)
- OCT: opto < GE *

Among all HCP
(GEs and optos);
among GEs only:
- IOP: κ = 0.57; κ =
0.57
- Disc hemorrhage:
κ = 0.65; κ = 0.59
-Fundus
photographs: 77%;
89%
- VF: κ = 0.45; κ =
0.47
- OCT: κ = 0.26: κ =
0.51

Among all HCP
(GEs and optos);
among GEs only:
- κ = 0.37; κ = 0.39

NS NS

SC-MEH

Banes et al. [40] NS

Opto vs. GE
- IOP: OD median
difference = -0.25
mmHg, OS median
difference = 0.00
mmH
- Slit-lamp exam
(cup/disc): median
difference = 0,
greatest difference =
0.15
- VF: κ = 0.80–0.81

Opto vs. GE
- FU-interval: κ =
0.97

NS

Opto vs. GE
- Medical and
surgical treatment:
κ = 0.93–1.00

Banes et al. [42]

Opto vs. GE
- Slit lamp exam:
sensitivity and
specificity ≈ 83%
Opto vs. GE; GE vs.
GE
- VF: κ = 0.37–0.33;
κ = 0.39

Opto vs. GE; GE vs.
GE
- FU-interval: κ =
0.35; κ = 0.41

Opto vs. GE; GE vs.
GE
- Correct referral to
GE: 72.0%
agreement; 72.0%
agreement

Opto vs. GE; GE vs.
GE
- “eye drop”
treatment: κ = 0.67;
κ = 0.74
- cataract surgery:
94.0%; 93.0%
- glaucoma surgery:
95.0%; 97.0%

SC-QMC Ho et al. [39] NS Opto vs. GE
- VF: κ = 0.81–0.93

Opto vs. GE
- next appointment:
κ = 0.88–0.97

Opto vs. GE
- Correct referral to
GE: κ = 0.96–1.00

Opto vs. GE
- “eye drop”
treatment: κ =
0.96–1.00

SC-SGC Bhota et al. [43] NS NS NS

Opto vs. GE
- Correct referral to
GE: 66.1%
agreement

NS

SC-GMC Phu et al. [44] NS

Opto vs. GE
- Gonio: 59.8%
agreement on
structures (fair to
moderate), 93.4%
exact agreement
with final diagnosis

NS NS NS

Abbreviations: SC = shared care clinic; StC = standard care clinic; * = statistical significant difference (p ≤ 0.05); ** = no statistical significant
difference (p > 0.05); κ = kappa; IQR = interquartile range; GE = glaucoma expert; NMS = non-medical staff; Opto = optometrist; HCP =
health care providers; IOP = intra-ocular pressure; VA = visual acuity; VF = visual field; Gonio = gonioscopy; OCT = optical coherence
tomography; HRT = Heidelberg retinal tomography; GDx = GDx ECC scanning laser polarimetry; CCT = central corneal thickness;
Combined compliance* = combined completion of visual field, gonioscopy, measurement of central corneal thickness, and imaging (OCT or
fundus photographs); SOF = suspicion of progression; VF: 41.2% ***: Out of the 34 patients who required a visual field examination on a
yearly basis, 20 patients did not receive it in the SC-GFU; mo = month(s); AAO PPPg = American Academy of Ophthalmology Preferred
Practice Pattern guidelines; ANGIG&RANZCO = recommendations of the Australian and New Zealand Glaucoma Interest Group and the
Royal Australian and New Zealand College of Ophthalmologists; SC-RVAC = shared care clinic, established between the Royal Victorian
Eye & Ear Hospital and the Australian College of Optometry; GFU = glaucoma follow-up unit; MC = Mayo Clinic’s campus in Rochester;
MEH = Moorfield Eye Hospital; QMC = Queen’s medical centre; GHGC = Greenwich hospital glaucoma clinic; SGC = Stable Glaucoma
Clinic in New Zealand; GMC = Glaucoma Management Clinic in Australia.

Performance of the Non-Medical Staff

Performance of the non-medical staff was evaluated by comparison with the “gold
standard”, which was the performance of the GE or a working protocol of the corresponding
SC clinic.

• Completeness of data collection:
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The non-medical staff working at the SC-GFU performed the required tests as per
protocol in almost all visits [36–38]. VF was the only test with a poor compliance, i.e., in
only 25.4% of the visits that required VF according to the protocol, the test was actually
performed. Of note, also in the StC-GFU run by the GE, VFs were only performed in 16.9%
of the visits where a VF was required according to the protocol [36].

• Accuracy of data collection:

Agreement between GEs and optometrists on IOP was evaluated in two studies [33,40]
and was found to be good. Banes et al. [40] noted that optometrists tended to record lower
IOP, but differences were small.

Agreement on structural glaucomatous damage was evaluated in three studies [33,40,42].
When performing slit-lamp examination, the optometrist’s cup/disc ratio was comparable
to that of GEs [40] and the optometrist’s ability to decide whether or not an optic disc was
glaucomatous was also found to be good (sensitivity and specificity ~83.0%) [42]. When evalu-
ating fundus photographs on stability, the agreement between all HCP (GEs and optometrists)
of the SC-MC [33] was found to be good and comparable to the agreement between GEs alone.
Banes et al. [40] demonstrated the (dis)agreement rate to be independent of the cup/disc
ratio values. Only Shah et al. [33] examined the agreement on OCT interpretation between all
HCPs, including GEs and optometrists, and found it to be “fair”. The study of Phu et al. [44]
evaluated the agreement between optometrists and ophthalmologists on gonioscopy. The
agreement in the exact assessment of the angle was “fair to moderate”. Consistency with a
final diagnosis, whether the angle was open or closed, was 93.4% [44].

Agreement on functional glaucomatous damage was evaluated in four studies [33,39,40,42].
The agreement on VF-status was “fair” [42], “moderate” [33] and “almost perfect” [39,40].
Banes et al. [42] pointed out that optometrists were more cautious than GEs, by classifying more
eyes as being “progressive”.

• Management decisions:

Several studies examined the non-medical staff’s ability to make management deci-
sions based on their interpretation of tests and examinations [33,36,37,39,40,42].

As for glaucoma status, in the SC-GFU, the non-medical staff referred half of the cases
which met one of the back-referral criteria in the protocol back to the GE. Out of the cases
that met the GDx- or VF-criterion (indicating suspected progressive damage), 92.0% and
75.0% of the cases, respectively, were actually sent back. These values amounted to 66.7%
for the IOP-criterium (IOP > tIOP) and 36.0% for the VA-criterium (declined ≥ 2 lines) [37].
In the SC-GFU, the non-medical staff could also opt to seek advice of the GE when one the
above criteria was met. In 100% of the cases that met the GDx- or the VF-criterium, the
non-medical staff asked for advice or referred back. This value amounted to 84.6% and
68.2% for the IOP- and VA-criterium, respectively [36].

In the SC-MC, disease progression was defined as IOP > tIOP, progression on optic
nerve photographs, OCT or VF [33,34]. Shah et al. [33] showed a “fair” level of agreement
on glaucoma progression diagnosis between all HCPs (optometrists and GEs) and between
GEs alone. The level of agreement between all HCPs was higher when relying on IOP or
disc hemorrhages compared with the agreement when relying on OCT or VF [33]. Of all the
available test data, the OCT and VF data were considerably less used by the optometrists
than by the GEs. This discrepancy in use was also reflected in the high discrepancy in
interpreting OCT and VF between all HCPs (agreement of 36.0%, κ = 0.26, for OCT, and
agreement of 53%, κ = 0.45, for VF) [33].

Two other articles evaluated the agreement between HCPs on whether a patient
should be discussed with the GE [39,42]. Ho et al. [39] found this agreement to be “almost
perfect” between the GE and the non-medical staff. Banes et al. [42] found this agreement
to be slightly smaller (72.0%), but equal to the agreement between two GEs on whether a
patient should be discussed with them. Three studies [39,40,42] evaluated the agreement on
disease status by using the proposed follow-up interval as a measure. A shortened interval
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indicated that the disease status was judged to be worsening. Overall, the agreement was
“almost perfect” [39,40]. Only Banes et al. [42] showed a “fair” agreement.

As for ordering tests, the non-medical staff of the SC-MH [40,42] and the SC-QMC [39]
was allowed to do so. Ho et al. [39] showed a high agreement on ordering a VF at the next
appointment between the optometrists and GE. Although Banes et al. [42] assessed lower
values, the agreement was still good and similar to the agreement between two GEs. In
both clinics, the optometrists tended to order more additional tests than the GEs [39,40,42].

The non-medical staff of the SC-MH [40,42] and the SC-QMC [39] were also able to
decide on further treatment. In both clinics, agreement was high for both the medical and
surgical treatments.

Performance of the SC Clinic

In this case, the “gold standard” corresponds to the StC or the guidelines used
(Table 4).

• Completeness of data collection:

The Mayo Clinic showed an increase in compliance on initial testing to the American
Academy of Ophthalmology Preferred Practice Pattern (AAO PPP) guidelines [45] after im-
plementation of the SC-MC [35]. Similarly, the SC-RVAC [41] showed a high compliance to
both the AAO PPP [45] and the ANGIG&RANZCO recommendations [28]. The compliance
on rate of testing was weak, but similar, for VF in both SC-GFU and StC-GFU [36,37].

• Accuracy of data collection:

No difference was found between the results obtained by the SC-GFU [36,37] and the
StC-GFU. One exception was VA, which declined in more visits of the StC-GFU than in
the SC-GFU [36]. Holtzer-Goor et al. attributed this difference to the different protocols
used in both clinics; the SC-GFU had to perform VA at every visit while the StC-GFU
had to perform VA only when judged to be necessary (but at least once a year) [36]. In
other words, the StC-GFU would mainly perform VA for those patients who mentioned
having difficulties with their sight [36]. The implementation of SC-RVAC resulted in a
14.0% increase in correct diagnosis when assessing the optic nerve compared to the StC
clinic [41].

• Management decisions:

No difference was found between the StC-GFU and the SC-GFU in the decision on the
number of patients judged to be stable or progressive [36,38]. Holtzer-Goor et al. concluded
that a SC scheme did not miss a significant number of cases of suspected progression [36].
Damento et al. assessed the decision on “disease status” in the Mayo Clinic by using the
“number of patient visits” as a measure [34]. The rationale was that, if an HCP judged the
disease status to be worsening, that HCP decided to shorten the follow-up interval, which
resulted in more visits taking place in a certain amount of time. No difference was found
in the number of patient visits between the SC-MC and the StC-MC [34].

Furthermore, the number of treatment changes was similar between the SC-GFU
and the StC-GFU [36–38]. Moreover, no difference was found concerning the reason for
change, i.e., IOP exceeding the tIOP, intolerance to the medication, structural or functional
progression [36,37]. Likewise, the number of procedures carried out in the SC-MC and
the StC-MC did not differ [34]. However, the number of procedures performed by the GE
tended to increase after implementation of the SC scheme [34].

3.4.2. Acceptance
Patients

Patient satisfaction was about the same in the SC-GFU and the StC-GFU [36,37]. No
difference was noted in the dimensions “overall mark”, “knowledge”, “waiting area”, and
“information received”. Patients scored the SC-GFU higher on ‘taking sufficient time” and
“giving sufficient information”.
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When comparing HCPs, Holtzer-Goor et al. assessed a higher score on the “over-
all mark” for the non-medical staff [36]. The GE got a higher score on the dimension
“information received”. Patients gave both the GE and the non-medical staff similar
scores on “knowledge” and “waiting area”. Lemij et al. [37] found similar scores as
Holtzer-Goor et al. [36], but assessed a higher score for the GE on “knowledge” and “infor-
mation received”. In the SC-RVAC, almost 95% of the responders opted to be treated in the
SC-RVAC rather than remaining on the waiting list of the StC-RVAC [41].

Staff

All clinicians of the SC-RVAC found the SC clinic an excellent opportunity to exchange
knowledge, and 82.0% wanted to stay working in the clinic [41]. Similarly, the GE and the
ophthalmic technicians were very pleased to work in the SC-GFU [37,38]. The ophthalmic
technicians indicated the patient contact and the increased responsibility to be the main
reasons. However, the optometrists working in the SC-GFU found their work tedious, and
thought the shared clinic was not working satisfactorily [37].

3.4.3. Productivity

In the SC-RVAC, the waiting list was reduced by 32.0% after 17 months and by 92.0%
after 28 months [41]. Holtzer-Goor et al. hypothesized that the implementation of the GFU
reduced the waiting list, because of the increased number of patients (+23.0%) and patient
visits (+16.0%) [38]. Another article on the SC-GFU by Holtzer-Goor et al. showed that for
each patient transferred to the SC-GFU, approximately 0.57 extra stable glaucoma patients
could be managed in the hospital [36]. However, this seemed to be a short-term effect.
In the long term, the patients’ outflow would be limited because glaucoma is a chronic
disease [36]. Moreover, the inflow would increase as the number of patients with glaucoma
is predicted to increase as indicated above (cfr. Section 1). Damento et al. documented
an increased access for complex patients to the GE after implementing the SC-MC [34].
Botha et al. demonstrated an improvement in IOP control and decreased progression rates
since the implementation of SC-SGC, partly attributable to less delays in follow-up [43].

4. Results of Virtual Clinics’ Studies

4.1. Literature Search

From the 445 articles identified, 14 were selected, complemented with one additional
article obtained from the reference lists. The processes of identification, screening, dupli-
cates removal and full-text assessment are shown in Figure 2.

4.2. Description of the Included Articles

Baseline characteristics of the included articles are shown in Table 5. Unlike SC clinics,
VCs are not widespread. All VCs included in this review are located in the UK. A VC could
be implemented in the initial assessment of a patient who had been referred from primary
care, in which case these clinics served as a triaging service. These types of VCs included
the glaucoma assessment clinic (GAC) [46–48] at the Singleton hospital and the Glaucoma
Screening clinic (GSC) [49] as part of a broader service transformation program being
established at the MEH. Gunn et al. did not focus on a specific VC but investigated the
proportion, the characteristics and the acceptability of the Hospital Eye Service (HES)-units
that implemented a VC for glaucoma care [50].
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Figure 2. Study selection PRISMA flow chart on Virtual Clinics. Abbreviations: ARVO = Annual
Meeting of the Association for Research in Vision and Ophthalmology; n = amount.

Table 5. Baseline Characteristics “Virtual Clinics”.

First Author, Year Country Hospital VC Study Sample
NG/OSR vs.
FU-Patients

Banes et al., 2018 UK Units from the HES / / NG/OSR and
FU-patients

Wright and Diamond, 2014 UK 3 glaucoma clinics: Bristol,
Nuneaton and Kingston GCC 24,257 patients FU-patients

Kotecha et al., 2017 UK MEH GSC (GSMS) 1380 patients NG/OSR

Clarke et al., 2017 UK MEH SMS (GSMS) 204 patients FU-patients

Kotecha et al., 2015 UK MEH SMS (GSMS) 1575 patients FU-patients

Nikita et al., 2019 UK MEH SMS (GSMS) 2015 patients FU-patients

Kotecha et al., 2005 UK MEH GSMS 43 patients NG/OSR and
FU-patients

Choong et al., 2003 UK SH GAC 100 patients NG/OSR

Rathod et al., 2008 UK SH GAC 78 patients NG/OSR

Court and Austin, 2015 UK SH GAC 170 patients (85 StC and
85 GAC) NG/OSR

Tatham et al., 2021 UK PAEP VC-PAEP 105 patients (55 StC and
50 VC-PAEP) FU-patients

Gunn et al., 2021 UK MREH; BEH VC-MREH;
VC-BEH 148 patients FU-patients

Mostafa et al., 2020 UK PAEP VC-PAEP 116 patients FU-patients

Nikita et al., 2021 UK MEH VC-MEH 2017 patients NG/OSR and
FU-patients

Spackman et al., 2020 UK REIP VC-REIP 68 patients FU-patients

Abbreviations: UK = United Kingdom; MEH = Moorfield Eye Hospital; HES = Hospital Eye Services; SH = Singleton Hospital; GCC =
Glaucoma Classifying Clinic; GSC = Glaucoma Screening Clinic; SMS = Stable Monitoring Service; GSMS = Glaucoma Screening and Stable
Monitoring Service; GAC = Glaucoma Assessment Clinic; VC = virtual clinic; StC = standard care clinic; NG/OSR = new glaucoma/ocular
hypertension suspect referrals; FU = follow-up, PAEP = Princess Alexandra Eye Pavilion, MREH = Manchester Royal Eye Hospital, BEH =
Bristol Eye Hospital, REIP = The Royal Eye Infirmary Plymouth.

A VC could also play a role in patient follow-up. These types of VCs included the
virtual triaging clinic established in Bristol, Nuneaton and Kingston, referred to as the
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glaucoma classifying clinic (GCC) [51] in this paper, the virtual clinic in Princess Alexandra
Eye Pavilion (VC-PAEP) [52,53], the virtual clinic in Manchester Royal Eye Hospital (VC-
MREH) [54] and in Bristol Eye Hospital (VC-BREH) [54], the virtual clinic in The Royal Eye
Infirmary Plymouth (VC-REIP) [55] and the Stable Monitoring Service [56–58] (SMS) which
was the other part of the virtual service transformation implemented at the MEH [50].
The complete virtual service at MEH was named the Glaucoma Screening and Stable
Monitoring Service (GSMS) [59], implementing both the GSC [49] for initial assessment
and the SMS [56–58] for patient follow-up. Nikita at al studied expanded patient eligibility
criteria at MEH (VC-MEH); both new and follow-up patients were included [60].

4.3. The Organization: Implementing a VC for Glaucoma
4.3.1. Role of the Staff

The prerequisite skills of the non-medical staff working in the corresponding VC are
listed in Table 6.

Table 6. The prerequisite skills of the non-medical staff working in the corresponding virtual clinic.

VC First Author NMS
History
Taking

IOP VA Slit-Lamp Von Herick
OCT

(Angle)
VF

Fundus
Photographs

OCT HRT CCT

GCC Wright and
Diamond

Opto
OT

x*
x*

x*
x*

x*
x*

x*
x*

x*
x*

0
0

-
x

-
x

0
0

0
0

-
x

GSC
(GSMS) Kotecha et al.

Clinician;

OT

-
x*

-
x

-
x

0
0

0
0

-
x

-
x

-
x

0
0

0
0

-
x

SMS
(GSMS)

Clarke et al.
Kotecha et al.
Nikita et al.

ONP
OT

OT

NS

x*
-

x*

NS

x*
-

x

x

-
x

x

x

x(a)
-

0

0

NS
0

0

0

0
0

0

0

-
x

x

x

-
x

x

x

0
0

0

x

-
x

0

0

0
0

0

0

GSMS Kotecha et al. Clinician
OT

-
NS

-
NS

-
NS

-
NS

-
NS

-
NS

-
NS

-
NS

-
NS

-
NS

-
NS

GAC

Choong et al.
Rathod et al.
Court and

Austin

ONP

ONP

ONP

x

x

x

x

x

x

0

0

0

0

x

x

0

x

NS

0

0

0

x

x

x

0

x

x

0

0

0

0

x

x

0

0

0

VC-PAEP Tatham et al.
Mostafa et al.

OT

OT
ONP

x

x
x

x

x
x

NS

NS
NS

x

x
x

NS

NS
NS

0

0
0

x

x
x

x

x
x

x

x
x

x

x
x

x

x
x

VC-
MREH;

VC-BEH
Gunn et al. OT x x x 0 0 0 x 0 0 x 0

VC-MEH Nikita et al. OT x x x 0 0 x* x x 0 x 0

VC-RAEP Spackman
et al. NS NS NS NS NS NS NS NS NS NS NS NS

Abbreviations: x = task performed by the corresponding member of the non-medical staff; - = task performed by the other member of the
non-medical staff; 0 = task not performed by any member of the non-medical staff; x* = not specified which member of the non-medical
staff performed the clinical assessment; Opto = optometrist; OT = ophthalmic technician; ONP: ophthalmic nurse practitioner; HCA =
health care assistant; x(a) = anterior segment; NS = not specified; NMS = non-medical staff; IOP = intra-ocular pressure; VA = visual
acuity; OCT(angle) = anterior segment optical coherence tomography for angle assessment; VF = visual field; OCT = optical coherence
tomography; HRT = Heidelberg retinal tomography; CCT = central corneal thickness; VC = virtual clinic; GCC = Glaucoma Classifying
Clinic; GSC = Glaucoma Screening Clinic; SMS = Stable Monitoring Service; GSMS = Glaucoma Screening and Stable Monitoring Service;
GAC = Glaucoma Assessment Clinic, PAEP = Princess Alexandra Eye Pavilion, MREH = Manchester Royal Eye Hospital, BEH = Bristol
Eye Hospital, REIP = The Royal Eye Infirmary Plymouth.
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4.3.2. Initial Assessment

In the GSC, a new patient was evaluated by a clinician who decided if the patient
was eligible for the VC, based on the referral letter from primary care [49]. If eligible,
the patient underwent testing, performed by ophthalmic technicians. Patients were also
given a questionnaire enquiring about their medical and family history. The GE reviewed
the collected clinical data and decided on a follow-up at the hospital or a discharge. In
the GAC, new patients were systematically seen by the ONP without prior triage [46–48].
The ONP took the patient’s history, performed tests, clinically examined the patient and
assessed the patient’s risk profile. The article of Choong et al. could be considered as the
pilot study of the GAC, which did not include a VC yet [47]. It was presented as a fast-track
system, which allowed an ONP to triage patients, including defining the time-interval in
which patients needed to have their face-to-face appointment with the GE. Rathod et al.
built further on this system and added a virtual service [48]. The ONP would again triage
these patients, but the GE would do the initial assessment by reviewing the GAC data
instead of a face-to-face assessment [48].

4.3.3. Follow-Up

The non-medical staff working at SMS varied between articles [56–58]. In the pilot
study, ophthalmic technicians performed VA, VF and optic disc imaging [56]. An ONP
took the patient’s history by reviewing a questionnaire and was in charge of the clinical
examination, including tests that required more expertise (IOP, slit-lamp examination).
Furthermore, they could offer advice on common eye complaints and drop delivery tech-
nique. The GE reviewed the notes of previous appointments and included these in the
management decisions. In a later study, the ONP was removed from the SMS [57]. A slit-
lamp examination was no longer performed, and the ophthalmic technicians took over IOP
measurement. In the study of Nikita et al., the SMS also incorporated OCT for the virtual
review [58]. However, the profession of the non-medical staff was not specified in this
article [58]. Similar to the GSC [49], a follow-up patient was evaluated by a clinician who
decided if the patient was eligible for the SMS [59]. In the GCC, an optometrist supported
by ophthalmic technicians met the patient first and collected clinical data from the clinical
history, clinical examination, VF and color optic disc images [51]. After data interpretation,
the optometrist classified the patient into one of five risk categories, each associated with a
required time interval for a face-to-face consultation with a GE. Subsequently, in the virtual
review, the GE confirmed or changed the optometrist’s classification, based on the same
clinical data. If a patient was classified to have no strong evidence of glaucoma, the patient
would be discharged, and would not be seen by a GE [51].

4.3.4. Patient Suitability

Table 7 provides an overview of new patients who are considered suitable and unsuit-
able for each VC.
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Table 7. The characteristics that render patients suitable or unsuitable for each virtual clinic.

VC First Author
NG/OSR vs.
FU-Patients

Suitable Unsuitable

GCC Wright and Diamond FU-patients
General FU-pool (all

types and various
stages of risk)

NS

GSC (GSMS) Kotecha et al. NG/OSR

First: low risk of
developing G

Later: up to three risk
factors for G

Definitive signs of G; angle
closure suspects; IOP > 32

mmHg

SMS (GSMS)
Clarke et al. FU-patients

OHT; GS; G: stable and
low risk; open angle

inclusive PDS and PXF

Poor mobility: poor VF;
poor disc imaging

Kotecha et al. FU-patients OHT; GS; G: stable and
low/moderate risk

Phakic angle
closure/suspects;

monocular; coexisting
ocular comorbidity;

best-corrected VA < Snellen
6/12; H glaucoma filtration

surgery; concerns
regarding adherence;

requirement of hospital
transport to attend; signs of

cognitive impairment

Nikita et al. FU-patients G: most types, various
stages of risk NS

GSMS Kotecha et al.
NG/OSR; Low/moderate risk of

developing G NS

FU-patients
OHT; GS; G: stable and

low/moderate risk,
open-angle

NS

GAC
Choong et al.
Rathod et al.

Court and Austin

NG/OSR
NG/OSR
NG/OSR

All NG/OSR *
All NG/OSR *
All NG/OSR *

NS
NS
NS

VC-PAEP Tatham et al.
Mostafa et al.

FU-patients
FU-patients

G: mild to moderate
stable

GS; OHT

H glaucoma filtration
surgery; phakic angle

closure/suspects

VC-MREH;
VC-BEH Gunn et al. FU-patients G; GS; OHT <18 years of age; unable to

speak English

VC-MEH Nikita et al. NG/OSR and
FU-patients

G (most types); GS; H
ocular

surgery/glaucoma
laser/retinal laser

Unstable advanced G

VC-REIP Spackman et al. FU-patients NS NS

Abbreviations: FU = follow-up; NG/OSR = new glaucoma/OHT suspect referrals; G = glaucoma patient; OHT = ocular hypertension
patient; GS = glaucoma suspect patient; PDS = pigment dispersion syndrome; PXF = pseudoexfoliation syndrome; All NG/OSR * = all risks
of developing glaucoma; H = history of; IOP = intra-ocular pressure; VA = visual acuity; VF = visual field; NS = not specified; VC = virtual
clinic; GCC = glaucoma classifying clinic; GSC = Glaucoma Screening Clinic; SMS = Stable Monitoring Service; GSMS = Glaucoma Screening
and Stable Monitoring Service; GAC = Glaucoma Assessment Clinic; PAEP = Princess Alexandra Eye Pavilion; MREH = Manchester Royal
Eye Hospital; BEH = Bristol Eye Hospital; REIP = The Royal Eye Infirmary Plymouth. PCAG = Primary closed-angle glaucoma.

New Patients

• Suitable:

At the start of the GSC, only “low risk” glaucoma suspects were considered to be
suitable [49]. These patients only had one of the following risk factors: suspicious optic
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discs, suspicious VF or IOP >20 mm Hg. In a second stage, “low-to-moderate risk” glau-
coma suspects (having up to two risk factors, including and a positive family history in a
first-degree relative) were also eligible for the GSC [49]. Finally, at a later stage, patients
could have up to three of those risk factors and still be eligible for the GSC [49]. A clinician
decided if a patient would be included in the VC or would be sent to the GE immediately.
In the GAC, all new glaucoma/OHT suspect referrals were included in the VC [46,48].

• Unsuitable:

The clinician excluded new glaucoma/OHT suspect referrals from the GSC if they did
not meet the inclusion criteria [49]. Patients were also excluded if they showed definitive
signs of glaucoma, were angle-closure suspects or were referred with an IOP >32 mm
Hg [49]. If a patient showed an IOP >32 mm Hg at the initial assessment of the GSC, the
patient would be sent to a GE on the same day [49].

Follow-Up Patients

• Suitable:

Only stable patients with a low risk of glaucomatous damage progression were
suitable for the SMS [56–58]. In the “pilot” study by Clarke et al., patients were included if
their planned follow-up frequency was more than six months [56]. This study concluded
that patients were suitable if they had stable glaucoma and were at low risk of progression
to significant visual loss over each follow-up interval [56]. Recent studies conducted by
Nikita et al. expanded patient suitability from glaucoma suspects and low-risk glaucoma
to most types of glaucoma and in various stages of disease progression, and provided
firm evidence that expanded patient eligibility criteria are able to deliver high-quality
glaucoma care that is safe and effective [58,60]. In the GCC, patients were taken from the
general follow-up pool and could have any type of glaucoma at any stage [51]. In the
VC-PAEP, patients with mild to moderate stable open-angle glaucoma or patients with
mild to moderate stable primary closed-angle glaucoma who are bilaterally pseudophakic
were suitable [52,53].

• Unsuitable:

In the “pilot” study of the SMS, patients were excluded if they had poor mobility or if
the quality of their VF or fundus photographs was poor [56]. When the SMS was eventually
established, other exclusion criteria were added, including monocular, concurrent eye
diseases/morbidities, a low VA and if there were concerns about the patients’ adherence
to treatment [57]. The expanded monitoring service studied by Nikita et al. did not
specify the exclusion criteria [58]. Both the SMS and the VC-PAEP excluded phakic angle-
closure glaucoma/glaucoma suspects and patients who had a history of glaucoma filtration
surgery [52,53,57].

4.4. Impact on Glaucoma Care
4.4.1. QoC
New Patients (GSC and GAC)

In the GSC, 20.0% of patients were discharged wrongly by the GE, but only a minority
required medical intervention, leading to a “significant” false rate of 4.0% [49]. The GSC
missed two narrow angles with one requiring surgery [49]. In the GAC, the similarity of a
GE’s virtual assessment was “substantial” (κ = 0.72) to those made through a face-to-face
assessment [48].

Follow-Up Patients (GCC, SMS, VC-PAEP, VC-MREH and VC-BEH, VC-REIP)

In the GCC, a “substantial” (κ = 0.69) agreement on triaging was found between the
optometrists and supervising GEs [51]. In general, optometrists tended to be overcautious
by considering patients more at risk. Still, the optometrists discharged 15.0% of the cases
having glaucoma according to the GE. Another concern was the 6.5% of cases considered as
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low-risk by the optometrist who were identified as unstable by the GE [51]. Kotecha et al.
compared the face-to-face assessment by a GE in the SMS with a virtual assessment by
a different GE (inter-GE agreement) or by the same GE (intra-GE agreement) [57]. The
inter-GE agreement was found to be “fair” (κ = 0.32). In this analysis, seven out of
14 unstable cases were detected during the virtual review (sensitivity of 50.0%). The
other seven patients (3.4% of all patients) had been “misclassified” as stable during the
virtual clinic assessment, two of whom (1.9%) having advanced VF loss. The sensitivity
increased to 75.0% when only considering consultants and excluding fellows from the GE
population [57]. Regarding the analysis made by the same GE, the intra-GE agreement
was “fair” (κ = 0.26–0.27). The disagreements would only pose a risk for six patients
(3.1% of all patients), since these were deemed as stable during the virtual review, but
unstable at the face-to-face review by the same GE. The sensitivity amounted to 75.0%
for the consultant and 60.0% for the fellow [57]. The study of Mostafa et al. showed that
Goldmann applanation tonometry measurements only have moderate agreement when
performed by different operators and that repeat Ocular Response Analyzer (ORA) IOP
measurements were more consistent [53].

4.4.2. Acceptance
Patients

According to Kotecha et al., patients with a low risk of progression were more open to
a VC [59]. Patients were pleased with the reduced waiting time, the expertise of the staff
and the productivity of the VC [57,59]. Court and Austin found that patients in the VC
did not consider they were receiving inferior quality care compared to patients in StC [46].
However, some patients were disappointed by not receiving immediate feedback and not
seeing a doctor on the same day [57]. Tatham et al. found no significant difference in
knowledge of glaucoma between patients of VC-PAEP and StC-PAEP, suggesting that pa-
tients’ knowledge is not disadvantaged by virtual clinics [52]. Study patients of Gunn et al.
reported reduced waiting times as a key aspect of positive experiences [54]. These patients
demonstrated high levels of trust in the staff performing tests in the glaucoma VC [53].
Spackman et al. evaluated patient satisfaction with the glaucoma VC in comparison with
StC in The Royal Eye Infirmary Plymouth [55]. Overall, 98% of patients felt that the VC
was the same or better than the StC [55].

Staff

Gunn et al. [50] investigated the perspective of the GE; 92.9% of the respondents
considered the VC as safe and efficient as StC, with 31.0% rating the efficiency as very
good. The authors also identified the main reasons for not implementing a VC: insufficient
staff, inadequate space, insufficient time or funding to train the non-medical staff, the risk
of missing pathology and the lack of face-to-face discussion [50]. Later, Gunn et al. [54]
investigated the perceptions of the technicians working in the glaucoma SC clinic. The
technicians reported satisfaction in working within the glaucoma service. However, they
commonly felt they would benefit from more detailed training, particularly around knowl-
edge of the conditions and medications [54].

4.4.3. Productivity

In the GSC, the GE discharged 62.0% of new glaucoma/OHT suspect referrals, sent
1.0% for an urgent same-day assessment with a GE, referred 6.0% to SMS and booked
31.0% for the consultant-led outpatient clinic [49]. In the GAC, 20.5% were discharged,
after being diagnosed virtually as “normal” [48]. In the GCC, the GE discharged 3.7% of
new glaucoma/OHT suspect referrals, which is 1.2% more than the number of patients that
would have been discharged by the optometrists [51]. The virtual supervision by the GE
also reduced the number of additional visits, e.g., the follow-up appointments, by 2.4% of
the total number of visits [51]. The implementation of the SMS led to 13.0% of the patients
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being discharged, 57.0% of the patients being rebooked in the SMS and 30.0% being sent to
a GE for a face-to-face appointment [58].

5. Discussion

5.1. Application of SC/VC

All the studies regarding SC clinics in this review concentrated on patient follow-
up, while the studies regarding VCs were done with a follow up setting—GCC [51],
SMS [56,57,59], VC-PAEP [52,53], VC-MREH [54], VC-BEH [54] and VC-REIP [55] or for an
initial assessment only—GAC [46–48] and GSC [49].

5.2. Generalizability to Other Hospitals/Countries

The guidelines for the management of glaucoma are mainly country-specific: the
AAO PPP [45] in the USA, the Royal College of Ophthalmologists’ (RCO) guidelines [61]
in the UK, the COSgcpg [31] in Canada and the NHMRC guidelines [30] in Australia. The
guidelines from the RCO [61] and guidelines from NICE [62] are commonly used in the
UK, however not in other countries. Furthermore, in the VCs of the UK-based articles, the
non-medical staff entrusted with a particular task probably followed the same UK-based
required training. Hence, one should be careful in extrapolating to other countries, e.g., the
non-medical staff from the REH are not trained to perform slit-lamp examination to assess
the optic disc [36].

5.3. Skills of the Non-Medical Staff

In all SC clinics and VCs operating during follow-up, the non-medical staff had to
take a clinical history, measure IOP and perform a functional (VF) and a structural (fundus
photographs, OCT, HRT or GDx) evaluation. In all SC clinics [33–44], at least one non-
medical staff member had to interpret the results from these examinations to decide on
the glaucoma status and the (possible) presence of progression. In the VCs [46–51,56–59]
the non-medical staff had to perform all examinations a GE would normally do without
making any treatment decisions. In only two VCs (GCC and GAC), a non-medical staff
member had to be able to interpret these examinations to triage patients [46,48,51]. In the
other virtual services, (GSMS, VC-PAEP, VC-MREH, VC-BEH, VC-MEH and VC-REIP),
the non-medical staff had only to collect and to deliver data to the GE.

5.4. Suitable Patients

In all clinics, patients who were stable and were at low risk of progression were consid-
ered suitable. Patients with narrow angles, with or without glaucoma, were found suitable,
if the non-medical staff was able to assess the angle of the anterior chamber; hence, such
patients were only accepted in the GCC, GAC, SC-MEH and the SC-QMC [41–43,48,51].

5.5. Pathway of a High-Risk Patient

In the GSMS, a clinician triaged both new patients and follow-up patients, whereby
high-risk patients were sent directly to the GE for a face-to-face appointment [49,56–59].
The GAC and the GCC, however, did not foresee such triage system, in that the non-
medical staff assessed all new patients [48,51]. However, high-risk patients were sent to a
GE immediately.

In all implemented SC schemes, a GE assessed all new patients to decide on their
eligibility. The ANGIG&RANZCO [28] and the Canadian Glaucoma Society [29] recommen-
dations on SC were an exception in that the initial assessment by a GE was not mandatory
if the non-medical staff considered a new patient to be low-to-moderate risk [29], without
significant ocular risk factors [28].

5.6. Compliance to Guidelines

An increase in compliance with guidelines was noted when implementing a SC clinic
due to the combined examination efforts of the non-medical staff and the GE [35,41,47].
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Compliance was also higher when following a standardized protocol [35,36,47]. Moreover,
by delegating some tasks to the non-medical staff, the GE would have more time and
would not have to give up examinations [40]. Banes et al. showed that the lack of time in
the often very busy StC clinic caused the GE to skip some examinations [40]. Such was also
the case in the GFU, where a low compliance rate was noted in the SC-GFU as well as in
the StC-GFU [36,62]. This clinic admitted only low risk patients with no proven glaucoma
(but with positive family history, OHT and/or suspicious looking discs) or early glaucoma
damage. In such cases, structural measurements were deemed to be more important,
for being more informative and also quicker to perform than VFs [36,62]. None of the
VC-articles examined the effect on compliance.

5.7. Data Interpretation: Importance of Training

The accuracy of the data interpretation increased with the level of experience/training
of the non-medical staff. As the optometrists from the SC-MEH [40,42] and SC-QMC [39]
got extra training in these tasks, their interpretation of the fundus photographs and VF
was more accurate than in the SC-MC. The lack of training could also explain why the
agreement on evaluating OCT between optometrists from the SC-MC and GEs was less
good, and worse than the agreement between GEs [33]. The optometrists from the SC-MEH
and SC-QMC assessed the optic disc through slit-lamp examination and showed a high
agreement with the GE because they were trained to use these devices [39,40,42]. None of
the VC-articles investigated the accuracy of the non-medical staff.

5.8. Quality of Management Decisions

In their decisions on progression/referral, the non-medical staff of the SC-GFU fol-
lowed the referral criteria strictly [36,37]. More importantly, adherence to these criteria
increased when, besides referring patients to the GE directly [37], they could also ask for
the GE’s advice [36]. The level of agreement on progression between optometrists and
the GEs from the SC-MC was only “fair”, but similar to the level of agreement between
two GEs. A point of concern was that almost 1/3 of the glaucoma cases being progressive
would not be referred to the GE. Possible reasons were an incorrect interpretation of data
(see above) and not using all data when making decisions. However, optometrists tended
to be overcautious in general. In both the SC-MEH and GCC, the optometrists classified
more patients as progressive or at higher risk than the GE [42,51]. Most likely, the reason
was to make a safer decision. As a consequence, the optometrists tended to order more
additional tests than the GEs [39,40,42].

Decisions on discharge/follow-up were also safeguarded. In the GCC, decisions of
the non-medical staff in this respect were supervised virtually by the GE [51]. In the GFU,
the non-medical staff could not discharge and could only decide to keep or shorten the
interval as planned [36–38]. Similarly, in the GAC the non-medical staff could not discharge,
and the GE would (virtually) assess the patient within a maximum time interval of three
months [48]. The agreement with the face-to-face diagnosis was also high. In the GSC out
of the 16 patients for whom the diagnosis differed between the face-to-face and virtual
review, only three patients required medical intervention [49]. Two of these patients were
diagnosed as having OHT, one of whom had an IOP at the face-to-face consultation which
was twice as high as what had been found in the virtual review and in the referral letter.
The third patient had narrow, occludable angles requiring prophylactic laser iridotomy [49].
In the SMS, the sensitivity of detecting unstable cases was dependent on the expertise of the
GE; a higher sensitivity was noted for the consultant than for the fellow, both in the inter-
and intra-observer agreement analyses [56]. The arbitrary stable/unstable classification,
which was used in the SMS for deciding on the time to the next FU appointment, was
explained as a possible reason for the low sensitivity [56]. However, since only stable
and low-to-moderate risk patients could enter the clinic, the actual number of missed
unstable patients was low, and even lower with advanced VF loss [56]. Due to the wide
confidence intervals, it was suggested to perform more extensive studies to provide a
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more accurate answer on the virtual clinic’s sensitivity [56]. In the SC-MEH studies, the
optometrist(s) and the GE independently decided on the follow-up interval and the further
treatment [40,42]. The agreement was high and comparable to the agreement between two
GEs. In SC-QMC study, where the GE had to state (dis)approval with the optometrists’
decisions, the agreement was even higher [39].

5.9. Acceptance

All findings showed that the acceptance of care provided by a SC clinic or a VC was at
least as good as in the StC clinic. In the SC-GFU, the GE scored higher on “knowledge”
and “information received”; however, the difference was too small to be relevant [37]. In
the study of Spackman et al., 98% of patients felt that the glaucoma VC was the same or
better than the StC [55].

Acceptance of SC and VCs by the GEs was overall good; some medical staff however
found their work in SC to be tedious [37].

5.10. Productivity

The waiting list for new glaucoma/OHT suspect referrals to the GE decreased; most
of the follow-up appointments of stable, low risk glaucoma suspects/patients were given
to the non-medical staff, thereby saving the GE time [36,41]. Also, the non-medical staff
could ensure these patients got their appointments on time.

The access of complex patients and unstable patients to the GE increased [34]. The
non-medical staff was made responsible for monitoring stable glaucoma, thereby saving
time for the GE to accept more complex patients and to see all patients on time and detect
progression quickly. Holtzer-Goor et al. found a significantly lower VA in the StC-GFU; this
could indicate that more complex patients were directed to the StC-GFU, thereby achieving
one of the main goals of SC [36]. Likewise, the number of procedures performed by the GE
tended to increase when cooperating with the non-medical staff in the SC-MC suggesting
better access of complex patients to care provided by the GE [34].

By delegating triaging, GEs were also less busy with the initial assessment. The
GAC and the GSC respectively sent only 79.5% and 32.0% to the GE for a face-to-face
assessment [48,49]. The GSC sent less people to the StC outpatient clinic because they
could refer stable OHT/glaucoma suspects/glaucoma patients with low-to-moderate risk
to the SMS [49,56,57].

5.11. Directions for Future Research

Since hospitals do not always employ all non-medical staff professions, the effect of
replacing one profession by another should be studied. Furthermore, the impact of VCs
on compliance to guidelines/protocol should be investigated. Decisions made through
virtual review were not completely similar to those made through face-to-face assessment,
which could be caused by not assessing the patient face-to-face, or by the non-medical
staff not providing accurate data. A deeper analysis is needed to improve our knowledge
regarding these findings. An economic analysis of SC/VCs versus StC, the long-term effect
of SC/VCs on the disease itself and possible synergetic effects when combining SC and
VCs are other interesting topics for future studies. Furthermore, since all the VCs in this
review are located in the UK, the conclusions drawn may not apply in other countries,
especially outside the Anglo-Saxon world. Therefore, future studies conducted outside the
UK/Anglo-Saxon world can be an added value.

6. Conclusions

This literature review examines different implementations of SC and VCs in a hospital-
based setting and compares them with the conventional ophthalmologist-led outpatient
service in terms of the QoC delivered, the acceptance and the productivity.

A high acceptance seems to be linked to the reduced waiting time in the clinic and the
social skills of some non-medical staff members having contact with the patient. Further-
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more, by dividing the workload among the ophthalmologists and the non-medical staff,
more patients could enter the glaucoma care pathway and be seen on time. Due to their
reduced workload, ophthalmologists could assess new and high-risk patients more rapidly
and with access to more auxiliary tests. Progressive glaucoma could be detected earlier, the
treatment could be adjusted faster and further damage could be prevented.

In summary, SC and VCs are two promising approaches to tackle the upcoming
capacity problems of glaucoma care within a hospital-based setting, without compromising
the acceptance and the QoC delivered.
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Abstract: (1) Background: To compare macular pigment optical density (MPOD) and its spatial
distribution between eyes with primary open-angle glaucoma (POAG) and control eyes in an elderly
population. (2) Methods: The Montrachet study (Maculopathy Optic Nerve and nutrition neurovAs-
Cular and HEarT) is a population-based study including participants aged 75 years and over. All
participants had a slit lamp examination, fundus photographs, and a questionnaire about their medi-
cal past history and smoking status. Optic disc spectral domain optical coherence tomography was
also performed. All glaucoma-suspected patients were convocated to have a new full examination.
We only retained one eye with POAG for analysis in the glaucoma group and one eye without
optic neuropathy in the control participants group. MPOD measurements were performed with
the two-wavelength autofluorescence method (488 and 514 nm). (3) Results: Overall, 601 eyes had
MPOD measurements among 1153 participants. Among the 601 eyes, 48 had POAG. The mean age
for the glaucoma and control participants was 84.01 ± 4.22 years and 81.94 ± 3.61 years, respectively
(p < 0.001). In the multivariable analysis, we could not find any association between POAG and
MPOD at 0.5◦ (p = 0.336). We found no significant difference regarding MP spatial distribution
between the two groups (p = 0.408). (4) Conclusion: In this elderly population-based study, eyes
with POAG and control eyes without optic neuropathy did not differ in terms of MPOD and MP
spatial distribution.

Keywords: mcular pigment optical density; glaucoma; two-wavelength autofluorescence; elderly;
population-based study

1. Introduction

Macular pigment (MP) plays an important role in visual function [1] and in the pro-
tection of the retina against oxidative damage [2,3]. It is located in the inner layers of the
retina [4] and composed of three carotenoids. Two of them are exclusively from dietary
origin (lutein and zeaxanthin) while the third one (meso-zeaxanthin) is synthetized from
lutein. The highest MP concentration is located in the Henle’s fiber layer of the fovea and
rapidly decreases to be undetectable outside the macula. In the literature, three MP patterns
have been reported: the no-ring profile, ring-like profile, and an intermediate profile [5–8].
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MP and oral dietary carotenoid supplementation have been extensively studied in macu-
lar disorders, especially in age-related macular degeneration (AMD). Numerous studies
suggested the role of carotenoid in the prevention of AMD [9,10].

Glaucoma is the most common optic neuropathy in adulthood, leading to irreversible
damages of the structure and function of the optic nerve [11]. It is defined as a multifactorial
progressive optic neuropathy with a typically acquired loss of optic nerve fibers (death of
the retinal ganglion cell axons) [12,13]. Primary open-angle glaucoma (POAG) is the most
common form of this disease [14]. In 2020, it was estimated that nearly 52 million people
are affected by POAG worldwide and that this number would increase to 79 million by
2040 [15].

To date, the relationship between MPOD and POAG is conflicting and the association
between neurodegenerative disease and MP is less straightforward. MP and glaucoma
could be linked based on two major hypotheses: microvascular and oxidative stress pro-
cesses [16]. According to several research teams, MP could absorb vision blue light, hence
decreasing light energy in the inner retina and photo-oxidative injury [17]. Some studies
found that lower densities of MP were found in glaucoma patients, [18] whereas other
studies could not support this assumption [19]. The primary objective of this study was to
compare MPOD between eyes with POAG and control eyes in an elderly population. The
secondary objective was to compare the MP spatial distribution between both groups.

2. Materials and Methods

2.1. Population Study

The Montrachet study (Maculopathy Optic Nerve and nutrition neurovAsCular and
HEarT) was an ancillary study of the population-based Three Cities (3C) study, which had
been previously reported [20]. In the 3C cohort study, 9294 persons were randomly selected
from the electoral rolls of three French urban cities (Bordeaux, Dijon, and Montpellier)
and aged 65 years. Ten years later, the subgroup of participants from Dijon was invited to
participate in the Montrachet study.

The methodology of the Montrachet study and baseline characteristics of volunteers
have already been described [21]. From October 2009 to March 2013, 1153 volunteers
underwent complete eye examination in the Department of Ophthalmology of the Dijon
University Hospital, France. All participants were asked to complete a questionnaire
about their lifestyle (alcohol consumption and smoking status) and environment (sun
exposure). This examination included the collection of self-reported eye disease and
treatment history, visual acuity measurement, intraocular pressure measurement (Tonoref
II, Nidek, Gamagori, Japan), central corneal thickness measurement with an ultrasonic
contact pachymeter (DGH 500, DGH Technology, Exton, PA, USA), visual field examination
with a screening program (Frequency-Doubling Technology, Carl Zeiss Meditec, Dublin,
CA, USA), and spectral-domain optical coherence tomography (SD-OCT; software version
5.4.7.0; Spectralis, Heidelberg Engineering Co., Heidelberg, Germany) for both the macula
and the optic nerve head after pupil dilation. The high-speed resolution mode and the eye-
tracking system were activated to acquire the images. For the optic disc, the retinal nerve
fiber layer (RNFL) thickness acquisition was obtained with a circle diameter of 3.5 mm.
Moreover, each participant benefited from two retinal photographs: one centered on the
macula and one on the optic nerve (TRC NW6S, Topcon, Tokyo, Japan). In addition, fasting
blood samples were drawn to measure plasma carotenoids and fatty acids. We also used a
semiquantitative food frequency questionnaire to quantify the dietary intake of lutein and
zeaxanthin among participants. The study was approved by the regional ethics committee
and was registered as 2009-A00448-49. All participants gave their informed consent. This
study adhered to the tenets of the Declaration of Helsinki and we followed the STROBE
policy according to the EQUATOR guidelines [22].
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2.2. Glaucoma Diagnosis

Glaucoma diagnosis in the Montrachet study has already been reported [23,24]. Briefly,
optic disc photographs were reviewed by two trained ophthalmologists (LA and PHG)
masked for clinical and RNFL thickness information. In case of discrepancy, a senior
glaucoma specialist (AMB) made an adjudication. Suspected-glaucoma eyes benefited from
a new examination with gonioscopy and a Humphrey Swedish Interactive Thresholding
Algorithm 24-2 visual field (Carl Zeiss Meditec, Dublin, CA, USA). Glaucoma was defined
by the glaucoma classification of the International Society of Geographical and Epidemi-
ological Ophthalmology (ISGEO) [25]. In case of bilateral disease, the eye with the most
severe presentation was kept for analysis. Only cases of primary open-angle glaucoma
(POAG) were considered for the present analysis. Secondary glaucoma, angle-closure
glaucoma, and non-glaucomatous optic neuropathy were excluded from the analysis.

2.3. MPOD Measurements

The MPOD was measured with the two-wavelength autofluorescence method using
a modified Heidelberg Retina Angiograph (HRA; Heidelberg Engineering, Heidelberg,
Germany). After pupil dilation with tropicamide 0.5% (Thea, Clermont-Ferrand, France),
two acquisitions were performed at a 30 s interval and captured at 488 and 514 nm excitation
wavelengths by a trained technician for both eyes (Figure S1). Glaucomatous status was
masked to the operator. MPOD maps were generated by digital subtraction of the log
autofluorescence images. We recorded MPOD at 0◦, 0.5◦, 1◦, 2◦, and 6◦ eccentricities using
the software provided by the manufacturer of the device. MPOD was expressed in optical
density units (DU). In the control participants group without optic neuropathy, the eye
with the best image quality was retained for analysis. The right eye was chosen when
image quality was similar in both eyes. We excluded participants with poor image quality
in both eyes and those who suffered from late age-related macular degeneration (AMD).
Classification of late AMD was based on both color fundus and OCT images [26]. From the
graphs generated by the software of the modified HRA, we divided the different MP spatial
distribution profiles into three groups (ring-like, no ring, and intermediate). A second
investigator (PHG) analyzed fifty eyes of our population randomly chosen independently
from the first investigator (LA).

2.4. Blood Sampling

Blood samples were collected from fasted volunteers for plasma lipids and fatty
acids analysis [27]. Lipids extracted from plasma were stored under inert gas and then
transmethylated with boron trifloride in methanol [28]. Finally, fatty acid methyl esters
were isolated with hexane and analyzed by gas chromatography using the Hewlett Packard
Model 5890 (Palo Alto, CA, USA) with a CPSIL-88 column (100 m × 0.25 mm i.d., fim
thickness 0.20 μm; Varian, Les Ulis, France) equipped with a flame ionization detector. The
carrier gas used was hydrogen.

2.5. Statistical Analysis

Categorical variables were expressed as a number (n, percentage) and continuous
variables as mean ± standard deviation (SD) or median (interquartile range (Q1–Q3))
according to their distribution. We performed our analysis with one eye per individual as
the unit of analysis. We displayed two groups: control eyes and eye with POAG. Bivariate
analysis was performed with Pearson’s chi-square or Fisher exact tests for percentage
comparisons as appropriate. Student test or analyses of variance, or the Kruskal–Wallis
test was used for comparison of mean or median when appropriate. Cohen’s kappa
coefficient was used to measure the concordance between the two eyes for MPOD and for
MP spatial distribution profiles between the two investigators. For multivariable analysis
between MPOD at 0.5◦ and the presence of POAG as a dependent variable, all variables
associated with glaucoma in the bivariate analysis with a p-value < 0.20 were included
in the model. The smoking status variable was forced in the model. Then, a final model
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adjusted for age, sex, smoking status, lens status, plasma alpha-linoleic acid (ALA), and
eicosapentaenoic acid (EPA) n-3 polyunsaturated fatty acids (PUFAs) was obtained by
manual backward selection. For all analyses, the tests were two-tailed and the results were
considered significant when p-values were less than 0.05. Analyses were performed using
SAS software (version 9.4; SAS Institute, Inc., Cary, NC, USA).

3. Results

3.1. Demographics and Baseline Characteristics

A total of 702 participants had MPOD measurements among the 1153 from the Mon-
trachet study (Figure 1).

Figure 1. Eyes (553 eyes without optic neuropathy and 48 eyes with POAG). The baseline demo-
graphics and clinical characteristics of participants and non-participants are shown in Table 1.

Table 1. Baseline characteristics between participants and non-participants in the Montrachet study.

Total (n = 1153)
Participants Non-Participants

(n = 601) (n = 552) p-Value

Age, years 82.25 ± 3.75 82.11 ± 3.70 82.41 ± 3.76 0.165
Gender

Men 430 (37.29) 232 (38.60) 190 (35.87) 0.339
Smoking status 390 (34.42) 208 (35.25) 182 (33.52) 0.539

Alcohol consumption 64 (6.29) 31 (5.87) 33 (6.75) 0.565
Body mass index, kg/m2

<25 598 (51.86) 315 (52.41) 283 (51.27)
0.698≥25 555 (48.14) 286 (47.59) 269 (48.73)

Central retinal thickness, μm 292.51 ± 49.56 293.60 ± 44.55 293.40 ± 54.59 0.942
Cup-to-disc ratio 0.34 ± 0.21 0.34 ± 0.22 0.33 ± 0.21 0.407
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Table 1. Cont.

Total (n = 1153)
Participants Non-Participants

(n = 601) (n = 552) p-Value

Spherical equivalent, diopters 0.06 ± 2.11 0.13 ± 2.06 −0.03 ± 2.18 0.241
Lens status

Phakic 583 (50.70) 274 (45.59) 309 (56.28)
<0.001Pseudophakic 567 (49.30) 327 (54.41) 240 (43.72)

Sun protection
Never 115 (10.02) 60 (10.02) 55 (10.02)

0.799Occasionally 258 (22.47) 130 (21.70) 128 (23.32)
Often 775 (67.51) 409 (68.28) 366 (66.67)

Iris color
Blue/gray 465 (40.33) 244 (40. 60) 221 (40.04)

Green/hazel 360 (31.22) 202 (33.61) 158 (28.62) 0.067
Dark brown/black 328 (28.45) 155 (25.79) 173 (31.34)

AMD stages
No AMD 587 (54.96) 322 (54.95) 265 (54.98)

<0.0001
Early AMD stage 1 337 (31.55) 198 (33.79) 139 (28.84)
Early AMD stage 2 100 (9.36) 53 (9.04) 47 (9.75)
Early AMD stage 3 22 (2.06) 13 (2.22) 9 (1.87)

Late AMD 22 (2.06) 0 (0.00) 22 (4.56)
Plasma xanthophylls, μg/L

L 271.41 (178.07–453.91) 277.87 (177.89–448.29) 266.59 (179.10–454.84) 0.863
Z 17.81 (11.28–26.00) 17.39 (11.49–26.32) 18.17 (10.65–25.63) 0.946

L/Z supplementation, yes 65 (5.64) 34 (5.56) 31 (5.72) 0.909
Plasma n-3 PUFAs

ALA 0.63 ± 0.21 0.63 ± 0.21 0.63 ± 0.22 0.859
EPA 1.29 ± 0.62 1.32 ± 0.65 1.25 ± 0.58 0.084
DHA 2.22 ± 0.65 2.27 ± 0.67 2.16 ± 0.62 0.022

Plasma lipids, mmol/L
Total cholesterol 5.83 ± 0.93 5.83 ± 0.93 5.77 ± 0.97 0.324
LDL cholesterol 3.60 ± 0.83 3.62 ± 0.83 3.58 ± 0.84 0.511
HDL cholesterol 1.66 ± 0.40 1.66 ± 0.40 1.67 ± 0.41 0.869

Triglycerides 1.17 ± 0.52 1.20 ± 0.54 1.14 ± 0.49 0.055

p-value was calculated between participants and non-participants. The results are displayed as n (%) for cate-
gorical variables and as mean ± standard deviation or as median (interquartile range (IQR)) depending on their
distribution for continuous variables. AMD = age-related macular degeneration; L = lutein; Z = zeaxanthin; PUFA
= polyunsaturated fatty acids; ALA = alpha-linoleic acid; EPA = eicosapentaenoic acid; DHA = docosahexaenoic
acid; LDL = low-density lipoprotein; and HDL = high-density lipoprotein. Missing data for smoking status
(current or past, n = 20), alcohol consumption (current or past n = 136), central retinal thickness (n = 8), cup-to-disc
ratio (n = 105), spherical equivalent (n = 103), lens status (n = 3), sun protection (n = 5), AMD stages (n = 85),
L/Z (n = 358), plasma n-3 PUFAs (n = 339), LDL cholesterol (n = 14), HDL cholesterol (n = 14), and triglycerides
(n = 15).

Non-participants were more likely to be phakic and to present late AMD. Participants’
mean age was 82.11 ± 3.70 years.

The characteristics of the study population are displayed in Table 2.

Table 2. Baseline characteristics of eyes without optic neuropathy and eyes with primary open-angle
glaucoma in the Montrachet study, n = 601.

Eyes without Optic
Neuropathy

(n = 553)

Eyes with POAG
(n = 48)

p-Value

Age, years 81.94 ± 3.61 84.01 ± 4.22 <0.001
Gender

Men 206 (37.25) 26 (54.17) 0.021
Smoking status 191 (35.11) 17 (36.96) 0.801

Alcohol consumption 29 (5.97) 2 (4.76) 0.749
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Table 2. Cont.

Eyes without Optic
Neuropathy

(n = 553)

Eyes with POAG
(n = 48)

p-Value

BMI, kg/m2

<25 291 (52.62) 24 (50.00)
0.727≥25 262 (47.38) 24 (50.00)

Central retinal thickness, μm 292.90 ± 43.29 302.30 ± 56.92 0.158
Global RNFL thickness, μm 95.3±11.7 79.6±19.0 <0.001

Cup-to-disc ratio 0.31 ± 0.19 0.73 ± 0.10 <0.001
Intraocular pressure, mmHg 15.49 ± 3.32 15.46 ± 3.32 0.407

Mean deviation of visual
field, dB NA −11.69 ± 8.12 NA

Spherical equivalent, diopters 0.20 ± 2.04 −0.76 ± 2.09 0.002
Best-corrected visual acuity,

<20/60 12 (2.2) 2 (4.2) 0.428

Lens status
Phakic 264 (47.74) 10 (20.83)

<0.001Pseudophakic 289 (52.26) 38 (79.17)
Sun protection

Never 58 (10.51) 2 (4.26)
0.357Occasionally 118 (21.38) 12 (25.53)

Often 376 (68.11) 33 (70.21)
Macular pigment distribution

No ring 395 (71.43) 38 (80.85)
0.408Intermediate 59 (10.67) 4 (8.51)

Ring-like 99 (17.90) 5 (10.64)
Iris color

Blue/gray 224 (40.51) 20 (41.67)
0.158Green/hazel 191 (34.54) 11 (22.92)

Dark brown/black 138 (24.95) 17 (35.41)
AMD stages

No AMD 296 (54.82) 26 (56.53)

0.625
Early AMD stage 1 184 (34.07) 14 (30.43)
Early AMD stage 2 47 (8.70) 6 (13.04)
Early AMD stage 3 13 (2.41) 0 (0.00)

Plasma xanthophylls, μg/L
L 269.58 (176.846–443.43) 316.38 (180.00–435.20) 0.625
Z 17.44 (11.49–26.32) 15.78 (11.49–27.48) 0.905

L/Z supplementation, yes 31 (5.61) 0 (0.00) NA
Plasma n-3 PUFAs

ALA 0.63 ± 0.21 0.70 ± 0.26 0.057
EPA 1.34 ± 0.66 1.14 ± 0.35 0.068
DHA 2.27 ± 0.69 2.22 ± 0.45 0.628

Plasma lipids, mmol/L
Total cholesterol 5.84 ± 0.94 5.69 ± 0. 80 0.311
LDL cholesterol 3.62 ± 0.84 3.59 ± 0.77 0.836
HDL cholesterol 1.67 ± 0.39 1.58 ± 0.45 0.134

Triglycerides 1.21 ± 0.55 1.15 ± 0.40 0.468
p-value was calculated between participants and non-participants. The results are displayed as n (%) for cat-
egorical variables and as mean ± standard deviation or as median (interquartile range (IQR)) depending on
their distribution for continuous variables. POAG = primary open-angle glaucoma; RNFL = retinal nerve fiber
layer; AMD = age-related macular degeneration; L = lutein; Z = zeaxanthin; NA = not applicable; PUFA =
polyunsaturated fatty acids; ALA = alpha-linoleic acid; EPA = eicosapentaenoic acid; DHA = docosahexaenoic
acid; LDL = low-density lipoprotein; and HDL = high-density lipoprotein. Missing data for smoking status
(n = 11), alcohol consumption (n = 73), sun protection (n = 2), central retinal thickness (n = 1), cup-to-disc ratio
(n = 7), macular pigment distribution (n = 1), AMD stages (n = 15), plasma L/Z (n = 164), plasma n-3 PUFAs
(n = 154), LDL cholesterol (n = 6), HDL cholesterol (n = 6), and triglycerides (n = 6).
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The POAG patients were more likely to be men and they were significantly older. The
eyes with POAG were more likely to be pseudophakic, to present with a larger cup-to-disc
ratio and a thinner global RNFL thickness, and with a negative spherical equivalent.

3.2. MPOD and Primary Open-Angle Glaucoma

The concordance between the two eyes for MPOD among 50 randomly chosen subjects
found an agreement with kappa 0.79 (confidence interval = 0.64–0.95). The MPOD means
at the 0◦, 0.5◦, 1◦, 2◦, and 6◦ eccentricities for the two groups are presented in Table 3.

Table 3. Macular pigment optic density at several degree eccentricities from the fovea in control and
primary open-angle glaucoma eyes in the Montrachet study.

Total
(n = 601)

Eyes without Optic
Neuropathy

(n = 553)

Eyes with POAG
(n = 48)

p-Value

MPOD at 0◦ 0.73 ± 0.32 0.72 ± 0.32 0.77 ± 0.30 0.308
MPOD at 0.5◦ 0.56 ± 0.26 0.55 ± 0.26 0.61 ± 0.25 0.165
MPOD at 1◦ 0.48 ± 0.22 0.47 ± 0.22 0.51 ± 0.21 0.345
MPOD at 2◦ 0.30 ± 0.14 0.30 ± 0.14 0.32 ± 0.13 0.427
MPOD at 6◦ 0.07 ± 0.04 0.07 ± 0.04 0.08 ± 0.04 0.505

p-value was calculated between control and primary open-angle glaucoma eyes. The results are displayed as
mean ± standard deviation. POAG = primary open-angle glaucoma and MPOD = macular pigment optical
density. MPOD was measured in optical density units.

In this univariate analysis, there was no statistically significant difference at each
eccentricity degree between the two groups. After adjustment for age, gender, smoking and
lens status, and plasma PUFAs, we compared the MPOD at 0.5◦ eccentricity between eyes
without optic neuropathy and eyes with POAG. We could not find a statistically significant
difference (p = 0.336; Table 4).

Table 4. Multivariable analysis of association between MPOD at 0.5◦ and the presence of primary
open-angle glaucoma in the Montrachet study.

OR (95% CI) p-Value

Age, years 1.10 (1.01–1.20) 0.041
Sex, male 2.73 (1.19–6.25) 0.017

Smoking status, yes 0.60 (0.25–1.43) 0.251
Lens status, pseudophakic 2.49 (1.01–6.16) 0.044

Plasma PUFAs
ALA 7.16 (1.42–36.16) 0.017
EPA 0.47 (0.21–1.04) 0.063

MPOD at 0.5◦ 2.08 (0.47–9.23) 0.336
PUFA = polyunsaturated fatty acids; ALA = alpha-linoleic acid; EPA = eicosapentaenoic acid; MPOD = macular
pigment optical density; OR = odds ratio; and CI = Confidence interval. In total, 162 observations were deleted
due to missing values from smoking status, lens status, and plasma PUFAs. MPOD was measured in optical
density units.

Similarly, we did not find a statistical difference for MPOD at 1◦, 2◦, and 6◦ eccentricity
(data not shown). In the multivariable analysis, older age (p = 0.041), male sex (p = 0.017),
pseudophakic status (p = 0.044), and the elevated plasma level of ALA (p = 0.017) were
significantly associated with the presence of POAG. The agreement for MP spatial distri-
bution profiles between the two investigators was 0.71 (confidence interval = 0.48–0.93).
MP spatial distribution was classified into three patterns, namely ring-like (10.64%), inter-
mediate (8.51%), and no ring-like (80.85%) in eyes with POAG as well as 17.90%, 10.67%,
and 71.43% in the control eyes. There was no significant difference regarding the MP
spatial distribution between eyes with POAG and eyes without optic neuropathy (p = 0.408;
Table 2).
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4. Discussion

Our study was designed to compare MPOD in an elderly population between POAG
and control eyes using the two-wavelength autofluorescence method. Additionally, we
aimed to investigate the MP spatial distribution between these two groups. We found no
difference of MPOD and MP spatial distribution between eyes with POAG and eyes with-
out optic neuropathy. These results are not in agreement with previous studies [16,29,30].
Igras E. et al. found a statistically significant difference for MPOD between glaucoma
patients and controls with a MPOD median of 0.23 (−0.19; 0.65) and 0.36 (−0.08; 0.80) at
0.5◦ eccentricity, respectively [16]. Ji Y. et al. found MPOD significantly reduced in the glau-
coma group compared to the control group, with 0.116 ± 0.033 UD and 0.137 ± 0.026 UD,
respectively [30]. Recently, Siah WF. et al. [29] found that MPOD was lower in glauco-
matous eyes with foveal ganglion cell complex involvement. We should note that these
three case-control studies focused on smaller samples of selected patients (n = 40, n = 30,
and n = 88, respectively). Nevertheless, our results could be difficult to compare to other
studies as the MP measurement procedures were different. We measured MP with a two-
wavelength autofluorescence method whereas Siah WF. et al. [29], Igras E. et al. [16], and
Ji Y. et al. [30] used customized heterochromatic flicker photometry (cHFP) and a fundus
reflectance method. On one hand, the reflectance method has some limitations because it
uses only one wavelength, which is problematic in the case of lens opacification [31]. On the
other hand, cHFP results should be interpreted with caution as it is influenced by the oper-
ator’s execution and participants’ cooperation [32]. Moreover, cHFP is a time-consuming
technique (approximately 30 min), which is difficult to realize in elderly participants. The
two-wavelength autofluorescence method for MPOD measurement is faster (2 to 3 min for
each participant) and objective, and can be performed by trained technicians. Nevertheless,
MP values obtained by means of the Heidelberg Spectralis (HRA) with the two-wavelength
autofluorescence method were comparable to MP values obtained using the densitometer
(cHFP) [33].

In contrast to the three previous research groups, our results are in line with Daga FB
and Bruns Y et al. [19,34]. Daga FB et al. found that patients diagnosed with glaucoma
(mean age of 72.5 years) had comparable MP levels to control subjects (mean age of
70.0 years) with the same two-wavelength autofluorescence method. Moreover, they also
demonstrated no significant relationship between MP, standard automated perimetry, and
retinal nerve fiber layer thickness measurements [19]. Bruns Y et al. presented that there
was no evidence for lower MPOD in their 43 glaucomatous-patient (mean age of 70.0 years)
case-control study [34]. These conflicting results could also be found in epidemiology
studies. Jae H. Kang et al. presented in a large population-based study (Nurses’ Health
Study and Health Professionals Follow-up Study) that increased dietary levels of carotenoid
were associated with a lower risk of POAG [35]. On the other hand, in the Rotterdam study,
no protective effect was found between carotenoids and POAG [36].

A negative correlation has been demonstrated between BMI and MPOD but in our
study, we did not show any significant difference between the controls and POAG partici-
pants regarding their BMI [37].

In our study, the eyes with POAG were more likely to be pseudophakic, which
could have influenced the MPOD measurement as mentioned by Sasamoto et al. [38].
Nevertheless, the difference between the phakic and pseudophakic eyes found in the
literature is mainly due to the absorption of blue light by the cataractous lens. Thus, we took
into account the lens status in the multivariable analysis in order to limit misinterpretation
of the MPOD measurement secondary to blurred media due to cataract.

Carotenoids supplementation is a confounding factor for MPOD because it has been
reported that supplementation increased the concentration of carotenoids in plasmatic
serum and MPOD [39,40]. Unfortunately, we were not able to evaluate this point as there
was no lutein/zeaxanthin supplementation in the POAG group. We used a semiquantitative
food frequency questionnaire to quantify the dietary intake in terms of carotenoid among
participants in order to control for any disparity in MPOD caused by diet. In our study,

70



J. Clin. Med. 2022, 11, 1830

there was no significant difference between the two groups in term of carotenoids intake
(data not shown).

One school of thought suggests from preclinical studies of the glaucoma model that
MP could operate as a neuroprotective agent. MP could regulate the production of pro-
oxidant stressors in the early ischemic retinal injury and protect the inner retina from
the neurodegenerative process [41,42]. Another school of thought strengthened by the
results of the present study found no association between MP and glaucoma [19,34,36].
Hence, positive results could be explained by many confounders (healthy diet and lifetime
exposure) and not independently by carotenoids and MP.

We found a significant difference between glaucomatous and control participants for
age, gender, and lens status. These results are in agreement with previous studies which
showed that POAG prevalence increased with age and men were more likely to present
with POAG compared to women [43–45]. Regarding lens status and POAG prevalence,
results in the literature are not clear as in some situations, cataract surgery is part of the
treatment of POAG. Significative association between an elevated plasma level of ALA and
POAG is conflicting. It was previously presented that there was no significant difference
regarding isolated plasma FAs between participants with POAG and participants without
optic neuropathy in elderly [46]. Considering the dispersion of the results for elevated
plasma levels of ALA and POAG in this study, this association should be confirmed by
further clinical studies.

We acknowledge several limitations of this study. First, we analyzed only 611 eyes
of 1153 participants in the Montrachet study due to imaging quality and availability of
MP evaluation. Thus, missing data could decrease the power of our analysis even though
there was no difference between participants and non-participants. Second, these findings
are based on a Caucasian European population and cannot be extrapolated to other parts
of the world and other ethnicities. Third, this exploratory cross-sectional study only
enhanced a potential absence of association between MPOD, MP spatial distribution, and
glaucomatous optic neuropathy. This should be confirmed by a longitudinal study to
validate our findings. Fourth, it is also important to acknowledge that our two groups are
unequal (n = 48 versus n = 553) with a small sample size of glaucomatous patients, which
could lead to statistical bias and lower statistical power. Fifth, we did not collect ganglion
cell layer thickness measurements, which could have given us the opportunity to focus the
analysis on glaucomatous eyes with foveal ganglion cell complex loss.

We thought that the strengths of a population-based study could help to clarify
the debate on the relationship of MP and glaucoma. In contrast to control-case studies,
participants were enrolled in the Montrachet study regardless of their glaucomatous status.

5. Conclusions

In conclusion, our study investigated the difference of MPOD and MP spatial distribu-
tion between POAG eyes and control eyes in the elderly in the frame of a population-based
study. We found no significant difference between these two groups. The clinical relevance
of the relationship between POAG and macular pigment warrants further studies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jcm11071830/s1, Figure S1: A digital subtraction image with
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fovea corresponding to the mean MPOD at each eccentricity (left).
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Abstract: Through the years, the available psychopharmacological treatments have expanded with
numerous new drugs. Besides weight gain, gastro-intestinal problems or Parkinson-like symptoms,
ocular adverse effects of psychiatric drugs have been reported. These adverse effects are not common,
but can be dangerous for the patient. This review summarises the current knowledge on the risk of
raised intraocular pressure and glaucoma entailed by psychopharmacological treatment. Also, it
provides updated data for clinicians involved in the treatment of patients with glaucoma or glaucoma
risk factors. For this purpose, we performed an extensive literature search in the PubMed database
using specific terms. Selective serotonin and noradrenaline reuptake inhibitors are the best evidenced
as having no association with glaucoma. Antipsychotics, and especially first generation, seem to have
no correlation with an increased intraocular pressure and therefore possibly with a risk of glaucoma,
although a special attention should be paid when using ziprasidone. Tricyclic antidepressants,
benzodiazepines and topiramate should be avoided in patients diagnosed with glaucoma or at risk.
Clinicians should be aware of the possible psychotropic drug induced glaucoma and monitor at
risk patients closely in order to prevent this condition. Irrespective of the psychopharmacological
regimen taken into consideration, the glaucoma patient should be under the strict supervision of
the ophthalmologist.

Keywords: glaucoma; intraocular pressure; antidepressant; antipsychotic; benzodiazepine;
topiramate; SSRI; SNRI

1. Introduction

Glaucoma represents a heterogeneous group of chronically progressive neurodegener-
ative bilateral diseases of the optic nerve, clinically characterized by optical neuropathy,
resulting in retinal ganglion cell death, optic nerve head cupping, and associated specific
loss of the visual field [1–3]. The aetiology of the disease is considered to be multifacto-
rial [4], while the clinical picture can differ, with a substantial risk of associated blindness,
especially in adults over the age of 60 [5].

Studies have shown that in Europe glaucoma occurs in 2.93% of people aged 40 to 80,
reaching 10% at the age of over 90 [6]. Several types of glaucoma are described, which form
a group of eye diseases and are the main cause of permanent blindness worldwide. [7,8].
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Based on the mechanism by which aqueous outflow is impaired with respect to the anterior
chamber configuration, the disease is typically divided into 2 basic subtypes: open angle
and angle closure [9,10]. Clinical presentation of open-angle glaucoma (OAG) includes
mainly chronic, slow and irreversible loss of peripheral vision, ultimately leading to
blindness. Because of the gradual and insidious development, more than 50% of patients
are unaware of their condition (known as ‘the sneak thief of sight’), especially due to the
pattern of visual field loss that spares the central vision until advanced stages [9]; therefore,
periodic ophthalmologic evaluation is important [11,12]. On the other hand, acute angle-
closure glaucoma (AACG) represents a dramatic urgent event that is caused by the sudden
increase in the intraocular pressure (IOP) due to occlusion of the trabecular meshwork
by the peripheral iris (in predisposed eyes with a narrow iridocorneal angle), obstructing
aqueous outflow, that can lead to a potential risk of rapid blinding. ACG patients usually
present more acute symptoms such as hyperaemia, teary, and painful eyes, sudden blurring
of vision, or halos around lights secondary to corneal oedema from a sudden rise in IOP.
Increased IOP is responsible for additional symptoms such as headache, nausea, and
vomiting [9]. It must also be kept in mind that a narrow angle can be asymptomatic in
the absence of a predisposing factor for angle-closure (e.g., pupillary dilatation) or that
there are cited cases of insidious angle-closure glaucoma, which tends to be more visually
destructive subtypes [9].

Above all, we have to make a firm distinction between acute angle-closure and angle-
closure glaucoma. The major difference between the two entities is the absence and
presence of optic nerve damage and visual field defects, respectively, especially when a
specific treatment is rapidly received by the patient. The notion of glaucoma is under
discussion when an optic neuropathy with elements specific to glaucoma damage occurs.

The scientific literature identifies several local and systemic risk factors associated
with the development and progression of glaucoma [13]. In the case of OAG the local risk
factors are represented by IOP (the key modifiable factor), family history of primary OAG,
intraocular anti-VEGF (vascular endothelial growth factor) therapy, decreased thickness
of the central region of the cornea, pre-existing myopia (low–moderate and high), low in-
traocular vascular pressure, optic nerve pathology, visual field changes, disc haemorrhage,
and pseudo-exfoliation. Systemic risk factors include cardiovascular diseases, diabetes
mellitus, dyslipidaemia, cerebral stroke, steroid treatment, arterial hypertension, with old
age and male gender acting as additional risks [8,10,14]. Concerning the rapid progression
of glaucoma, the most important favouring factors are considered to be high IOP and
cardiovascular diseases [15].

On the other hand, the risk factors for developing ACG mentioned in the literature
are the following: age (62 years being the average age at presentation), gender (more
commonly female), race (Asian descent), family history, hyperopic eyes, short eyes. Those
at risk for ACG with packed angle configuration can develop an attack exacerbated by
mydriasis either spontaneously (primary) or pharmacologically (secondary) [9,10].

Medication represents a distinct risk for glaucoma. Corticosteroids are the most
common cause of open-angle glaucoma (OAG), but several non-steroidal anti-inflammatory
agents can also lead to OAG [16]. Regarding ACG, the list of potentially risky drugs
includes antidepressants, such as selective serotonin reuptake inhibitors (SSRIs), tricyclic
antidepressants and monoamine oxidase inhibitors, antipsychotic drugs, antihistaminic
medication, antiparkinsonian agents, anticonvulsants (e.g., topiramate), mydriatic agents,
sympathomimetic drops, antispasmodic drugs, and botulinum toxin.

Among the two types of glaucoma, ACG represents a pathology of interest con-
cerning psychiatric treatment. Medications with anticholinergic effects could induce a
precipitation of iridocorneal angle closure in patients with predisposition via mydriasis
which is the primary pathogenic mechanism in the appearance of glaucoma in psychiatric
patients [17,18] This rapid onset of the angle obstruction produces an imbalance between
the production and drainage of aqueous humour in the anterior chamber, thus an accu-
mulation of liquid and the increase of IOP. Other presumed involved mechanisms in the
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development of glaucoma are the anterior dislocation of the iris and lens or the inflamma-
tion of the ciliary body [7].

The challenges presented by glaucoma in psychiatry are bidirectional: on the one
hand, patients with risk factor for angle-closure may develop clinical symptoms (eye pain,
visual changes, headache) as a direct side effect of the psychiatric treatment. In case of
patients with non-diagnosed OAG the raise in IOP can lead to severe aggravation of the
disease, which can pass unnoticed until advanced stages [19]. On the other hand, glaucoma
patients may exhibit a wide array of psychiatric symptoms, as a consequence of progression
of vision loss, such as depression [20], anxiety [21] and insomnia [22].

Therefore, a minimal and specific screening before initiating a psychiatric treatment
should be kept in mind, at least for the patients who have risk factors to develop OAG (IOP
measure, fundus examination, +/− optic coherence tomography—OCT of the optic nerve
head) or ACG (IOP measure, gonioscopy, +/− OCT of the optic nerve head) depending on
the mechanism of action of the class of drugs used. Nevertheless, a good multidisciplinary
collaboration between the psychiatrist and the ophthalmologist is strongly recommended,
especially in complex cases.

Given the importance of glaucoma in influencing the choice of psychiatric drugs, we
propose to review the main psychiatric therapeutic agents and their potential effects on
glaucoma occurrence. Secondly, our aim is to provide a useful review of current data for
clinicians facing dilemmas regarding the pharmacology treatment of psychiatric disorders
in patients with glaucoma or glaucoma risk factors.

2. Methodology

We conducted an extensive literature search in the PubMed database from 1977
until 2021. The search was performed during March-May 2021 using the following
terms: ‘psychotropic medication’, ‘SSRI’, ‘citalopram’, ‘escitalopram’, ‘paroxetine’, ‘fluvox-
amine’, ‘fluoxetine’, ‘sertraline’, ‘SNRI’, ‘duloxetine’, ‘venlafaxine’, ‘tricyclic antidepres-
sants’, ‘clomipramine’, ‘amitriptyline’, ‘imipramine’, ‘doxepin’, ‘desipramine’, ‘nortripty-
line’ ‘NDRI’, ‘bupropion’, ‘benzodiazepine’, ‘alprazolam’, ‘diazepam’ ‘antipsychotics’,
‘haloperidol’, ‘ziprasidone’, ’risperidone’, ‘olanzapine’, ‘quetiapine’, ‘clozapine’, ‘topi-
ramate’ cross-referenced with ‘glaucoma’ and ‘intraocular pressure’. We selected only
articles written in English and based on clinical reports. After review of title, keywords
and abstract, we retrieved 128 articles. Following removal of duplicates, full text as-
sessment and then screening of the remaining articles for relevant studies that could
be included in our paper, we finally included 90 articles divided as it follows: SSRI-7,
citalopram-2, escitalopram-2, paroxetine-5, fluvoxamine-1, sertraline-1, SNRI-2, duloxetine-
2, venlafaxine-5, tricyclic antidepressants-1, clomipramine-1, amitriptyline-1, imipramine-1,
bupropion-4, benzodiazepine-2, diazepam-1, antipsychotics-8, haloperidol-3, risperidone-1,
topiramate-40.

3. Antidepressants

3.1. Selective Serotonin Reuptake Inhibitors (SSRIs) and Serotonin and Noradrenaline Reuptake
Inhibitors (SNRIs)

SSRIs and SNRIs are currently the first line drugs for the treatment of depression ac-
cording to international guidelines [23,24]. SSRIs and SNRIs are the most prescribed drugs
for depression and have the best overall tolerability and safety among all antidepressants.
Also, these drugs are indicated as first choice for the treatment of anxiety, post-traumatic
and obsessive compulsive disorders [25–27].

Since the discovery in 1974 of the first member of SSRI class, namely fluoxetine,
continuing with sertraline, paroxetine, fluvoxamine, citalopram and escitalopram, these
drugs have revolutionised the pharmacological therapy of depression. SSRIs mechanism
of action implies a selective blockage of the reuptake of serotonin in the synaptic gap,
therefore increasing the availability of the neurotransmitter and normalising the function
of synapses. Until now seven families of serotonin receptors (5HT1-5HT7) have been
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described as having a diffuse localisation, including eye structures. Experimental studies
have determined that 5HT1A, 5HT2A/2C and 5HT7 are located in the iris-ciliary body
complex. Stimulation of 5HT1A receptor reduces the IOP through the reduction of aqueous
humour, while 5HT2A/2C receptors increase IOP by stimulation of the ciliary body blood
flow, therefore they enhance the production of aqueous humour. 5HT7 receptors are
responsible for mydriasis through the relaxation of the sphincter muscle and for rising IOP
by increasing the production of aqueous humour [28,29]. In addition, mydriatic effects
might appear due to their weak anticholinergic and noradrenergic actions [30]. These
contrary possible effects of stimulating serotonin receptors have determined researchers to
study the possible real relationship between glaucoma and SSRIs and SNRIs in order to
shed some light on the field (Table 1, Figure 1).

The SNRI class has similar indications in psychiatry to SSRI, although they have been
later on introduced, in the twentieth century. The SNRI class comprises venlafaxine (the first
drug discovered from this class) and duloxetine. Their main mechanism is the inhibition
of serotonin and norepinephrine reuptake, with weak dopamine transporter blockage.
Noradrenaline is suggested to cause mydriasis and lid retraction through stimulation of
α1 receptors; α2 inhibitory receptors from the ciliary epithelium can cause an increase in
outflow facility of the aqueous humour while the blockage of these receptors by SNRI
could reverse these effects leading to increased IOP [31]. The noradrenergic effect of SNRI
is more dominant than the one of SSRI, suggesting a possible high risk of ACG. However,
current data suggest that the systemic usage of SNRI could lead in long-term treatment to
a decrease in the IOP. Another possible cause of mydriasis due to SNRI treatment would
be the stimulation of serotoninergic receptors, mainly 5HT7, which in turn could lead to
relaxation of the sphincter muscle [29,32].

Table 1. Mechanisms of ction of psychopharmacological drugs and their possible effect on intraocular pressure, pupil size
and glaucoma risk.

Effector Receptors Location Drugs
Possible Induced

Effect
Effect on IOP

Adrenaline

α1 Iris dilator muscle

Citalopram
Escitalopram

Paroxetine
Fluvoxamine

Fluoxetine
Sertraline

Ziprasidone
Other atypical
antipsychotics

Mydriasis
(Hypertension, lid
retraction) [33–35]

-

α2 Ciliary epithelium
Escitalopram,

Paroxetine, Sertraline
Atypical antipsychotics

Increased outflow of
aqueous humour ↓IOP [33,35]

β2 Ciliary epithelium Paroxetine Increase production of
aqueous humour ↑IOP [36]
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Table 1. Cont.

Effector Receptors Location Drugs
Possible Induced

Effect
Effect on IOP

Serotonin

5HT7
sphincter of the
pupil, iris ciliary

body

Paroxetine,
Ziprasidone Mydriasis ↑IOP [28,33,37]

5HT1A Iris-ciliary body

Escitalopram, Paroxetine,
Fluvoxamine, Sertraline,

Ziprasidone
Other atypical
antipsychotics

- ↓IOP [28,33–35,37]

5HT2A Iris-ciliary body

Escitalopram
Paroxetine,
Fluoxetine
Sertraline,

Venlafaxine,
Ziprasidone

Other atypical
antipsychotics

- ↓IOP [28,33,37]

5HT2C Iris-ciliary body

Citalopram
Escitalopram,
Fluvoxamine

Fluoxetine, Paroxetine,
Sertraline,

Venlafaxine
Ziprasidone, Other

atypical antipsychotics

- ↑IOP [28,33,35,37]

Dopamine

DA1

The ciliary body,
trabecular

meshwork, and
uveoscleral tissue

Paroxetine Increased production
of aqueous humour

↑IOP
[33,35,38]

DA2 Anterior segment

Escitalopram
Paroxetine, Sertraline,

Ziprasidone
Typical and other atypical

antipsychotics

Suppression of the
production of aqueous

humour

↓IOP
[33,35,38]

Acetylcholine
(miotic effect)

Muscarinic
(Blockade)

Smooth muscle
around the pupil

Citalopram,
Paroxetine

Escitalopram,
Fluoxetine.
Sertraline

Tricyclic antidepressants
Typical and atypical

antipsychotics

Mydriasis ↑IOP [36]

TNF TNF-R1 Aqueous humour
outflow channels Bupropion

Increased caspase
activity, mitochondrial

dysfunction
↑IOP [39]

Sulpha based
drugs - - Topiramate

Allergic reaction
(myopia, swelling of

the ciliary body,
forward displacement

of the lens-iris
diaphragm)

↑IOP [40]

↑, increased; ↓, decreased; IOP, intraocular pressure; 5HT, 5-hydroxytryptamine (serotonin); DA, dopamine; TNF, tumour necrosis factor;
R, receptor.
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Figure 1. Schematic representation of the relationship between antidepressant and antipsychotic drugs and the various
ocular side effects related to glaucoma pathogenic mechanisms. AAP, atypical antipsychotics; IOP, intraocular pressure; AH,
aqueous humour; TCA, tricyclic antidepressants; ↑, increased; ↓, decreased.

3.1.1. OAG

Zheng et al. (2018) documented a potential negative association between SSRIs with
primary open angle glaucoma (POAG). More precisely, Zheng et al. (2018) showed that
POAG patients treated with systemic medication and under SSRI therapy have a significant
lower risk of developing POAG that would require a procedure (patients undergoing
treatment with SSRI were at an averagely 30% lower risk for the development of OAG than
non-SSRIs users). An approximately 30% reduced risk was also associated with the SNRI
class, although less significantly. Also, it has been suggested that there is a dose-response
relationship with lower odds of POAG with greater days of treatment [41].

These findings are similar to another cross-sectional study in which three groups
of patients with open angle eyes were compared (patients receiving SSRI for 1 week to
6 months, longer than 6 months, or patients under no treatment). IOP was lower in patients
under SSRI treatment for less 6 month or more than 6 months in comparison with controls,
but the pupil diameter was higher in the abovementioned groups [30].

In contrast, a rise in IOP was documented in the case of a patient with chronic OAG
during the initiation of treatment with venlafaxine (a SNRI). After the patient complained
of headaches, the starting dose of 225 mg was reduced to 75 mg. No symptoms were
reported after the dosage was lowered. Although asymptomatic at 3 months, the IOP
increased and the retinal nerve suffered damages [42].

3.1.2. ACG

Regarding ACG, in a large population-based study it was associated with a recent
exposure to antidepressants in older adults [43], whereas long exposure to SSRIs did not
influence the risk of ACG [44]. Another study conducted by Chen et al. (2017) concluded
that individuals under SSRIs therapy had a greater risk of glaucoma (OAG, PACG, glau-
coma state, glaucoma suspicion, other forms of glaucoma) incidence. Also, long-term use
(>365 days) and/or high dosage were associated with a greater risk of developing glaucoma
with an additive effect when both variables were included [37]. In a case-control study that
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included 1456 ACG patients, immediate SSRI users had 5.80 higher chances to develop
ACG as compared to nonusers [45].

Conversely, a recent meta-analysis outlined that treatment with SSRIs was not asso-
ciated with a higher risk of POAG or PACG and that IOP seemed to be lower in patients
exposed to SSRIs. Also, Wang et al. (2018) concluded that pupillary diameter was higher in
subjects under this type of antidepressant treatment [46].

Regarding the individual risk of each drug from the SSRIs class to cause glaucoma,
current research is scarce and only a few case reports are available in the literature.

Citalopram-induced glaucoma (unilateral ACG) was reported in the literature in a
case of drug overdose where the patient presented with blurred vision, pain and corneal
oedema, in association with a high IOP. This patient was noted to have shallow anterior
chambers in both eyes. After initial ophthalmologic treatment her IOP maintained normal
without anti-glaucoma maintenance treatment [47]. Another case of citalopram induced
bilateral symptomatic acute angle closure was reported in a patient with a history of
5 months of treatment with a normal dosage (the patient presented with blurred vision
and headache) [48].

A case report of escitalopram-induced bilateral ACG described ciliochoroidal effusions
after 4 weeks of treatment with a daily dose of 20 mg in a patient that presented with
blurred vision. Ophthalmic examination revealed: high IOP, bilateral shallow anterior
chamber, best corrected visual acuity was 20/40 bilaterally and a myopic shift of 4 dioptres
over the current spectacle prescription. The condition was resistant to medical and surgical
treatment but the patient recovered completely after escitalopram was discontinued [49].
Another article reported headache, blurred vision, vomiting, and photophobia (typical
symptoms of AACG) in a patient that suddenly stopped escitalopram 1 month before the
debut of symptoms. The risk factors identified in this case included hypertension (under
control with beta-blockers) and escitalopram use for 1 year [50].

Patients under paroxetine therapy have reported ACG specific symptoms (i.e., loss
of visual acuity or blurred vision) between 1 day and 4 months of treatment [51–55].
Interestingly, Sierra-Rodriguez et al. (2013) presented a case report of a unilateral visual
loss due to chronic ACG under paroxetine treatment for 4 months. After discontinuation
of paroxetine and laser iridotomy, the IOP normalised. Unfortunately, the patient resumed
treatment on her own with consequent IOP rise despite patent iridotomies [53].

Regarding fluvoxamine, a patient with a previous history of narrow angle glau-
coma (with no iridectomy) presented with daily headaches for 3 months and depressive
symptoms (for anxiety the patient was taking lorazepam 2mg/day) and was prescribed
fluvoxamine. After two months treatment the patient reported severe orbital pain and
blurred vision (increased IOP and mydriasis). Despite specific therapy, IOP decreased only
after the withdraw of the antidepressant [56].

Similar ACG symptoms were reported after three days of sertraline treatment, in a
64 year old Chinese woman with hypermetropia. It is worth to mention that Chinese
ethnicity, old age, female gender and hypermetropia are risk factors for AACG [57].

Concerning SNRIs, the current literature describes only two and four ACG case reports
involving duloxetine and venlafaxine, respectively.

The possible association of duloxetine with the appearance of ACG symptoms was re-
ported in two female patients (46 and 81 years old, respectively). It is important to mention
that the 81 years old patient was suffering from other comorbidities, hypermetropia and
cataract [33,58].

Regarding venlafaxine, literature reports 4 possible cases of AACG after recent ad-
ministration of this antidepressant, with the onset of symptoms ranging between 4 h and
10 days. In all reported cases, the patients were females of different age (between 35 and
70 years old) and had blurred vision as a common symptom [59–62].

Taking into account all the described current literature data, SSRIs and SNRIs have
in general no association with either types of glaucoma or increased IOP. Moreover, it is
worth emphasizing that long term treatment with SSRIs or SNRIs is associated with a
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decrease in the IOP, which suggests a possible protective effect of these drugs that needs
further investigation. Of course, studies that assess the relationship between specific
SSRIs or SNRIs and the risk of raised IOP and glaucoma are necessary in order to better
characterise each drug regarding this possible side effect. The current case reports that
describe a possible relationship between a specific SSRI or SNRI and ACG should warn the
prescribers to closely monitor patients during treatment, especially the individuals with
associated risk factors.

3.2. Bupropion

Bupropion is a noradrenaline and dopamine reuptake inhibitor (NDRI) and has been
used since 1985 mainly as an antidepressant and more recently as adjuvant for smoking
cessation. Bupropion is known to have anti-tumour necrosis factor (TNF) effects and
a decreased activity on acetylcholine receptors that result in less anticholinergic side
effects [63]. Studies hypothesised that IOP might be raised by TNF through increased
caspase activity or mitochondrial dysfunction in the aqueous humour outflow channels.
TNF synthesis is decreased by noradrenaline (β2 receptor) and dopamine (D1 receptor)
activation [39,64]. All these effects led to the possible conclusion that bupropion could
have some protective proprieties regarding IOP and glaucoma (Table 1).

A cross-sectional study that included patients over 40 years old investigated the
relationship between self-reported glaucoma and self-reported bupropion use for at least
1 year. Masis et al. (2017) concluded that the usage of bupropion for longer than one year
may be associated with a lower risk of self-reported glaucoma. Other covariates associated
with high risk included Hispanic/Black ethnicity, increased age, cataract extraction, and
diabetic neuropathy. One important limitation of this study is the lack of specificity in
glaucoma type (ACG or OAG) [64].

3.2.1. OAG

A cohort-type study regarding the risk of OAG coupled with bupropion treatment,
reported a reduced hazard of developing this type of glaucoma. More precisely, the
percentage of bupropion users that developed OAG was 1.8% and the percentage of non-
users who developed OAG was 2.4%. Moreover, usage of this drug for 24–48 months has
been associated with a 21% reduced chance of OAG [39].

3.2.2. ACG

A case-control study conducted on patients under 50 years old reported bupropion
treatment to be associated with an increased risk of ACG. No new prescriptions were issued
afterwards, which could imply that predisposed eyes with narrow angles and pupillary
dilation were not likely since iridotomy would have allowed continuation of treatment.
Although the manufacturer’s information references the occurrence of ACG secondary
to a pharmacological pupillary dilation, there is a possibility that choroidal effusion can
occur [36].

Also, 2 weeks bupropion treatment (300 mg/day) was incriminated as a cause ACG
in a 40 years old woman, with complains of blurred vision. Ultrasound bio microscopy
revealed bilateral choroidal effusions that caused shallow angles [65].

3.3. Tricyclic Antidepressants (TCAs)

TCAs are the first generation of antidepressants and have been used in the psychophar-
macological treatment of depression since around 1950. TCAs inhibit, through action on
specific transporters, the reuptake of serotonin and noradrenaline in the synapse cleft.
Also, TCAs block the postsynaptic histamine, acetylcholine and alpha-adrenergic receptors.
Unfortunately, due to the cardiovascular and gastrointestinal serious adverse effects and
their lethality in overdose quantities, TCAs have been replaced over time by SSRIs and
SNRIs in the management of depression [66].
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According current literature data, tricyclic antidepressants (clomipramine, amitripty-
line, imipramine, doxepin, desipramine, nortriptyline etc.) are reported to be involved
only in ACG and to precipitate AACG. The pupillary block via pupil dilatation that occurs
during treatment with TCAs is attributed to the significant anticholinergic and serotonergic
effects of these antidepressants [67]. The most frequent anticholinergic effects on the eye
are mydriasis and cycloplegia, which in turn may cause the blockage of the trabecular
meshwork. These effects result in blurred vision due to loss of accommodation and in
precipitation of ACG [67–70] (Figure 1).

A relative large body of case reports that linked different TCAs treatment to the raise
of IOP and glaucoma occurrence is present in the literature. Schlingemann et al. (1996)
described the case of a 59-year-old woman with developed monocular vision loss, increased
IOP and narrowed anterior chambers supposing due to treatment with clomipramine
(75 mg/day) [71]. Lowe et al. (1966) also reported the cases of 4 patients on small dosage
amitriptyline therapy that developed ACG [72]. In addition, Ritch et al. (1994) documented
4 cases of narrow angled patients who developed ACG related to imipramine treatment.
Ritch et al. stated that uveal tract problems could be associated with TCA, mydriasis
being often transient, without major consequences. Moreover, ACG can be promoted in
susceptible patients (e.g., narrow angle individuals) [73].

All things considered, current data point out the risk of using drugs with potent
anticholinergics proprieties, such as TCAs. The development of the new classes of an-
tidepressants (i.e., SSRI and SNRI) provides important alternatives. In the case that TCAs
must be used, the drugs with the less anticholinergic effects, such as desipramine and
nortriptyline, should be taken into consideration [74]. No doubt, further cohort studies
that assess the potential risk of angle closure glaucoma associated with TCAs are necessary
in order to make conclusive recommendations.

4. Benzodiazepines (BZD)

Benzodiazepines are among the most commonly prescribed drug class in psychiatry
and exhibit sedative, hypnotic, anxiolytic and muscle-relaxing properties by enhancing
the effect of gamma aminobutyric acid (GABA). Due to this effect, benzodiazepines are
incriminated to influence the sphincter pupillae and to determine the narrowing of irido-
corneal angle [75]. Current literature documents only the relationship of BZD with ACG
and AACG.

Until recently, few cases have been reported about the association of AACG with BZD
treatment. The conclusions were rather ambiguous, given the fact that other psychotropic
agents have been concomitantly used during the time AACG was reported to occur [75].
Park et al. (2019) tried to reveal the clear relationship between benzodiazepine usage and
the risk of glaucoma. In this population-based case-control study on elderly patients, who
are more susceptible to the adverse effects to BZD, the authors demonstrated a significant
correlation between immediate new use of BZD (within 7 days of AACG diagnosis) and
the occurrence of AACG. Oppositely, no significant change in AACG incidence in the non-
immediate new users was reported. In addition, there was no significant difference between
short half-life (<24 h) vs. long half-life (>24 h) benzodiazepine agents [76]. These findings
are similar to the ones of Kim et al. (2020), who outlined an association between BZD
therapy and AACG in a cohort of 6709 patients [75]. In the study group the most frequent
prescribed BZD were Diazepam and Alprazolam. These drugs were also associated with
the highest risk of AACG occurrence [75]. However, a different study concluded that
diazepam reduced the IOP and would actually be safe in procedures where lowered IOP is
desirable [77].

Therefore, we conclude that benzodiazepines could precipitate ACG in predisposed
eyes and clinicians should be aware of these possible side effects.
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5. Antipsychotics

Antipsychotic drugs are the cornerstone in the management of schizophrenia. Other
indications for this category include schizoaffective disorder, bipolar disorder, delusional
disorder, severe agitation, delirium, or psychotic features of major depressive disorder.
They can be divided in two categories: typical or first generation (Haloperidol and Chlor-
promazine as most known) and atypical or second generation (clozapine, asenapine, olan-
zapine, quetiapine, paliperidone, risperidone, sertindole, ziprasidone, zotepine, and arip-
iprazole). Typical antipsychotics manage the symptoms of psychosis through the blockage
of the dopaminergic postsynaptic receptors, with additional histaminergic, α1 adrenergic
and cholinergic blockade. Atypical antipsychotics are serotonin and dopamine antago-
nists with affinities for serotonin (5HT1A, 5HT2C, 5HT6, 5HT7), dopamine (D1, D3, D4)
receptors, but also histamine (H1), muscarinic (M1, M2, M3, M4, M5) and adrenergic
(α1, α2) receptors [78]. Most AAPs have in common a more potent 5HT2A action than
dopamine (D2) antagonism. They are also partial agonists of 5HT1A. All these features
contribute to the low extrapyramidal effects. Some other actions include the inhibition of
muscarinic receptors (anticholinergic activity). A possible explanation for the association
between antipsychotic drugs and glaucoma might be the cholinergic receptor blockade
(muscarinic) [34,79] (Table 1, Figure 1).

Unfortunately, current research reports only the possible effects of antipsychotics on
IOP and does not scrutinise the relationship between these drugs and OAG or ACG.

A cross-sectional study including 28 patients with schizophrenia showed that individ-
uals under typical antipsychotics treatment had normal IOP [79]. This result is similar to
the one reported by Reid et al. (1976). Moreover, Reid et al. (1976) study concluded that
there was no IOP raise despite high dosage of typical antipsychotics [80]. Actually, not
only haloperidol was found to lower IOP in glaucomatous eyes, but also it was proposed
as a possible treatment for glaucoma [81–83].

Atypical antipsychotics (AAP) have cardiovascular side effects through the vasocon-
striction determined by α1 adrenoreceptors blockage. Risperidone, clozapine, iloperidone
and quetiapine may lead to hypotension via this mechanism [34]. Animal studies showed
instilled APP into the eye determined a significant reduction of IOP observed after 1 h.
Also, reduction of blood pressure occurred within 10 min after administration [84].

Reactive oxygen species (ROS) production is involved in the pathogenic mechanism
of glaucoma. Risperidone was demonstrated to have the ability to decrease oxidative
stress (OS) in schizophrenic patients by controlling the inflammatory response [85]. Other
AAP that have been shown to decrease OS are clozapine and olanzapine [86]. However,
the relationship between AAP, OS and glaucoma has been incompletely investigated.
Therefore, future studies are necessary to elucidate this possible mechanism.

Several studies described that IOP elevation may lead to the inhibition of brain-
derived-neurotrophic factor (BDNF) which could have in turn a contributing effect to the
visual loss. Risperidone and clozapine have been found to increase levels of BDNF [87–89].

There is some evidence that AAPs could enhance glaucoma through anti-muscarinic
action. For example, clozapine and olanzapine have high affinity for muscarinic receptors
(inhibition) and anticholinergic activity, which could possibly exacerbate glaucoma [90]).
Thus, the actions of AAP by downregulating OS and neurotrophins may be unbalanced
because of their anti- muscarinic receptor action. This observation could explain that, in
general, AAPs are not associated with a glaucoma risk [66].

A cross-sectional analysis of 28 patients with schizophrenia and under antipsychotic
therapy (4 on typical antipsychotics, 16 on AAP, and 8 on both types) provided interesting
conclusions. More precisely, a raise of IOP has been found only in patients under AAP ther-
apy, particularly all on ziprasidone. Ziprasidone is known to exert a potent serotoninergic
(5HT2A) and dopaminergic (D2) affinity [79].

In conclusion, clinicians should be aware that second generation antipsychotics could
have some implication in the variations of IOP, therefore a special attention should be paid
to patients at risk and also when prescribing ziprasidone. Increased IOP could have no
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clinical significance in certain situations (e.g., minor increase or lower basal IOP) or could
lead to the development or progression of glaucoma (OAG or ACG) depending on the
characteristics of the patient. Typical antipsychotics are suggested to be safer in relation to
a possible rise of IOP.

6. Topiramate

Topiramate is a sulpha-derivative monosaccharide and it is commonly prescribed
for treatment of epilepsy and migraine prevention. Off label indications include eating
disorders, obesity and tobacco dependence. Regarding psychiatric recommendations,
the current literature describes the benefits of topiramate in weight gain prevention and
metabolic dysfunction in schizophrenic patients as a result of treatment with certain
antipsychotics (i.e., olanzapine, clozapine) [91].

Topiramate’s mechanism of action involves inhibition of carbonic anhydrase, calcium
channels, and glutamate receptors, as well as blockage of the sodium channels and stimula-
tion of gamma-aminobutyric acid receptors. Topiramate is suggested to cause or worsen
glaucoma due to an acute hypersensitivity reaction and alteration of osmotic status. The
mechanism is suggested to involve ciliochoroidal effusion which leads to anterior rotation
of the swelled ciliary body with anterior shifting of lens-iris diaphragm and consequently
shallowing of the anterior chamber and narrowing of the angle [92,93]. All these changes
may also occur in normal eyes. Given this fact, clinicians should be more vigilant and it is
advisable to adopt a watchful waiting approach for all patients treated with topiramate.

In a retrospective study, Ho JD et al. (2013) reported a greater risk of developing
ACG after topiramate therapy in the first month of treatment (hazard ratio 7.41 times
higher than control subjects) [93]. Other data showed an increased risk of ACG, myopia,
suprachoroidal effusion, and abnormal vision, all reversible with the discontinuation of
treatment [94,95].

Numerous case reports found in the current literature described the association of
topiramate treatment with the development of ACG. In 38 reported cases [96–130], patients
under topiramate treatment developed ACG after a short time from the treatment initiation
(the majority between 1 day and 14 days), most of them being adult women (27 women/
38 patients) with an age ranging from 23 to 59 years. Table 2 presents a summary of current
topiramate induced acute angle closure or AACG case reports (Table 2).

Table 2. A summary of currently reported topiramate-induced acute (primary) angle-closure or acute (primary) angle-
closure glaucoma cases (in adult patients).

Case Report Patient’s Gender, Age and Other Comorbidities
Onset after Drug

Initiation

Alzendi et al. (2020) [96] Female, 24 yo, migraines 13 days

Agarwal et al. (2019) [97] Female, 25 yo, morbid obesity, obstructive sleep apnoea 11 days

Mahendradas et al. (2018) [98] Female, 36 yo, hypothyroidism 5 days

Sierra-Rodríguez et al. (2018) [99] Female, 29 yo, epilepsy 9 days

Lan et al. (2017) [100] Female, 43 yo, arrhythmia 4 weeks

Czyz et al. (2014) [101] Female, 40 yo, arterial hypertension, degenerative disk disease,
fibromyalgia, migraines, chronic obstructive pulmonary disease 262 days

Pikkel et al. (2014) [102] Male, 54 yo 7 days

Katsimpris et al. (2014) [103] Female, 36 yo, migraines 14 days

Quagliato et al. (2013) [104] Female, 55 yo, migraines, spasmodic torticollis, essential tremor 7days

Caglar et al. (2012) [105] Female, 36 yo, migraine 1 day

Cole et al. (2012) [106] Female, 56 yo, depression treated with venlafaxine 2 days
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Table 2. Cont.

Case Report Patient’s Gender, Age and Other Comorbidities
Onset after Drug

Initiation

van Issum et al. (2011) [107] Male, 34 yo, epilepsy 14 days

Willett et al. (2011) [108] Male, 39 yo, arterial hypertension, migraines 7 days

Natesh et al. (2010) [109] Male, 23 yo 5 days

Acharya et al. (2010) [110] Male, 49 yo 14 days

Spaccapelo et al. (2009) [111] Male, 34 yo, anxious-depressive syndrome treated with
citalopram 7 days

Sbeity et al. (2009) [112] Female, 59 yo, keratomileusis surgery, myopia 11 days

Chalam et al. (2008) [113] Female, 34 yo, arterial hypertension, hypothyroidism 7 days

Boonyaleephan et al. (2008) [114] Female, 23 yo 7 days

Aminlari et al. (2008) [115] Female, 48 yo, bipolar disorder, depression, hypothyroidism,
chronic pain 14 days

Aminlari et al. (2008) Male, 53 yo, cluster headaches, hyperlipidaemia 6 weeks

Singh et al. (2007) [116] Female, 33 yo, headaches 7 days

Parikh et al. (2007) [117] Male, 51 yo, epilepsy 14 days

Viet et al. (2006) [118] Male, 57 yo, bipolar disorder 7 days

Sachi et al. (2006) [119] Female, 33 yo, migraines 3 weeks

Rhee et al. (2006) [120] Female, 35 yo, migraines 2 months

Levy et al. (2006) [121] Female, 35 yo, depression 7 days

Desai et al. (2006) [122] Female, 36 yo, migraines 10 days

Mansoor et al. (2005) [123] Female, 51 yo, surgery for hypermetropia, migraines 7 days

Craig et al. (2004) [124] Female, 25 yo, epilepsy, depression treated with Venlafaxine 7 days

Boentert et al. (2003) [125]
Female, 23 yo, congenital hydrocephalus, Arnold-Chiari

formation I, partial atrophy of the right optic nerve,
astigmatism, vertical strabismus.

6 days

Medeiros et al. (2003) [126] Male, 44 yo 5 days

Medeiros et al. (2003) [126] Female, 42 yo, myopia 10 days

Chen et al. (2003) [127] Female, 42 yo, hypertension, seizures 2.5 weeks

Banta et al. (2001) [128] Male, 51 yo, bipolar disorder 14 days

Sankar et al. (2001) [129] Female, 34 yo, depression 14 days

Sankar et al. (2001) [129] Female, 53 yo, depression treated with venlafaxine, high
cholesterol. 10 days

Rhee et al. (2001) [130] Female, 43 yo, depression treated with paroxetine 1 day

yo, years old.

7. Conclusions

Based on the presented data, clinicians should be aware of the glaucoma-related risk-
benefit profile of psychotropic medication and tailor their recommendations. The selective
serotonin and noradrenaline reuptake inhibitors class is the medication group with the most
solid results regarding a minimal possible risk of glaucoma. More precisely, SSRI and SNRI
treatment seems to have even a protective role regarding OAG and no effect in relationship
with ACG. Therefore, practitioners could use these drugs safely since there is no risk of a
glaucoma induced effect. On the other hand, tricyclic antidepressants should be avoided in
patients at risk to develop angle closure glaucoma or in angle closure glaucoma diagnosed
individuals due to their strong anticholinergic and antimuscarinic proprieties. Regarding
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all antipsychotics, there is an important gap in the knowledge of their relationship with the
risk of glaucoma. Based on the herein reviewed data, first generation antipsychotics do
not seem to affect the intraocular pressure, but for the second generation antipsychotics,
and especially ziprasidone, further studies are needed in order to bring some light to the
current data. Also, topiramate is another drug that we advise not be used in the treatment
of patients with possible risk factors or diagnosed with angle closure glaucoma, since
current data point to an increased risk of trabecular obstruction and consequently a raise in
intraocular pressure. Benzodiazepines should be prescribed carefully, especially in older
patients. Whether or not it is identified as a contraindication, physicians should be aware
of the possibility of psychotropic drug-induced glaucoma, especially angle closure type,
and if the suspicion of glaucoma arises, ophthalmological assessment is recommended.
Early recognition of this possible side effect and discontinuation of the drug in question
are measures that should be immediately employed by the psychiatrist concomitantly with
referring the patient to an ophthalmologist for a thorough evaluation. Due to the vast
psychotropic medication and possible mechanisms and their interactions, future studies
are needed to fill the literature gaps and enrich current knowledge on this subject.
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Abstract: Poor adherence to topical glaucoma medications has been linked to worse visual field
outcomes in glaucoma patients. Therefore, identifying and overcoming the adherence barriers are
expected to slow down the progression of disease. The most common barriers to adherence, in
addition to the lack of knowledge, include forgetfulness, side effects of medications, difficulties
with drop instillation and low self-efficacy. Symptoms and signs of ocular surface disease, which
importantly reduce patients’ quality of life, are decreased by using preservative-free topical med-
ications. Sustained drug delivery systems using different vehicles seem promising for relieving
the burden of drop administration. Currently, only the bimatoprost sustained-release intracameral
implant is available for clinical use and single administration. In the era of digitalization, smart drug
delivery-connected devices may aid adherence and, by sharing data with care providers, improve
monitoring and adjusting treatment. Selective laser trabeculoplasty as first-line treatment delays
the need for drops, whereas minimally invasive glaucoma procedures with and without devices
combined with cataract surgery increase the likelihood of patients with early-to-moderate glaucoma
to remain drop free or reduce the number of drops needed to control intraocular pressure. The aim of
this narrative review is to present and discuss devices and treatments that may improve adherence
by reducing the need for drops and side effects of medications and aiding in glaucoma monitoring.
For the future, there is a need for studies focusing on clinically important outcomes, quality of life
and the cost of intervention with longer post-interventional follow up.

Keywords: adherence; drug delivery system; glaucoma; laser trabeculoplasty; medical treatment;
minimally invasive glaucoma surgery

1. Introduction

Lowering of intraocular pressure (IOP) is the only proven treatment to slow or delay
the progression of glaucoma [1–4]. Medical treatment is the most common approach to
achieving an individual eye “safe” IOP, followed by monitoring to determine the rate of
progression [5]. As glaucoma is chronic optic neuropathy, and patients usually need to take
lifelong medications. Therefore, adherence to a treatment regimen is crucial to maintain
visual function. The reported rates of nonadherence to topical glaucoma medication vary
widely from 16% to 67%, reflecting different methods to identify nonadherence as well as
absence of a quantitative standard for measuring adherence to glaucoma medication [6].
Adherence over a longer period has been found to be even lower. Thus, only one-quarter of
patients with newly diagnosed glaucoma continued their glaucoma medication after 2 years
of follow up in Taiwan [7], whereas only 15% with newly diagnosed glaucoma in another
study showed persistently good adherence over 4 years of follow up [8]. For most patients
of newly prescribed glaucoma medications, adherence patterns observed in the first year
of treatment mirror adherence patterns over the subsequent 3 years [8]. It is recognized
that poorer adherence to glaucoma treatment leads to higher IOP, greater fluctuations in
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IOP and consequently progression of glaucoma [9–11]. Glaucoma patients who reported
less than 80% adherence to their prescribed medications were significantly more likely to
have worse visual field defects [11]. Few studies longitudinally assessed the relationship
between medication adherence and visual field progression. A longitudinal study assessing
adherence in 35 glaucoma patients reported that patients with a stable visual field had a
significantly higher median adherence rate of 85% compared to progressing patients with a
median medication adherence of 21% [12]. In another study, patients randomized to the
treatment arm of the Collaborative Initial Glaucoma Treatment Study were assessed for
medication adherence using telephone interviews scheduled at the same 6-month intervals
as clinical visits but on different days and followed up for an average of 7.3 years [13].
Scheduling timing of telephone interviews independently of clinical visit represents a
strength of the study as nonadherence is often not admitted in front of the treating physician.
Patients who reported never missing a dose of medication over the follow up had an average
mean deviation (MD) loss of 0.62 dB over time, consistent with age-related loss, whereas
patients missing medication doses at one-third and two-thirds of visits had an average
loss of 1.42 and 2.23 dB of MD, respectively [13]. These findings indicate a dose–response
relationship between medication adherence and visual field progression. A range of factors
affect adherence and persistence, with one study identifying 71 barriers to adherence
over four categories: situation factors, medication regimen, individual patient factors
and medical provider issues [14]. Patients with poor adherence cited several barriers to
medication adherence, which varied between individuals. The most important barriers
associated with nonadherence included forgetfulness, low self-efficacy, difficulties with
drop instillation and treatment schedule, side effects of medication, lack of motivation,
poor education and other specific individual and age differences [15–17]. In addition,
certain types of disabilities such as having a limb disability, being in a vegetative state, and
having dementia reduce glaucoma medication adherence by up to 17.6% [18]. Therefore,
approaches addressing adherence to glaucoma medications need to be multifaceted and
individually tailored [19].

The purpose of this narrative review is to discuss strategies that may improve adher-
ence by reducing the side effects of drops, the number of instillations and the number of
medications required to control intraocular pressure. These approaches include medical
treatments using preservative-free drops, intracameral sustained drug delivery and vari-
ous drug delivery systems still undergoing clinical trials, smart drug delivery-connected
devices as well as selective laser trabeculoplasty and minimally invasive glaucoma surgery.

2. Materials and Methods

We conducted a literature search using the PubMed database. The following search
terms were included “adherence” AND “glaucoma medication”, “topical treatment” AND
“glaucoma”, drug delivery systems and glaucoma treatment, “selective laser trabeculo-
plasty”, and “minimally invasive glaucoma surgery”. The articles retrieved were reviewed
for their title, abstract, and language. Articles included were in in English language pub-
lished before August 2022 including clinical trials in humans, editorials, reviews, systematic
reviews, and meta-analyses. We focused on randomized clinical trials (when available).
After retrieving relevant articles using keywords, a search was performed through the
reference lists of the chosen studies and additional papers were selected.

3. Medical Treatments

3.1. Preservative-Free Drops

Adverse drug reactions are a major barrier to adherence and persistence. Local
side effects can vary from minor dry eye symptoms to allergic and toxic-inflammatory
responses [20]. The use of preservatives, especially benzalkonium chloride (BAK), is a
known cause of ocular surface disease (OSD) in patients taking topical IOP-lowering eye
drops [21]. In a survey study in French glaucoma patients, 62% of the patients cited at least
one OSD side effect and 19% of patients at least four such side effects [22]. The reported
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prevalence of OSD among glaucoma patients in other studies is similar, between 60% and
70%, which is much higher than in age-matched subjects without glaucoma (between 15%
and 33%) [23–25]. Self-reported nonadherence over 9.4 years, defined as missing ≥5%
of the prescribed eye drops, was reported by 30% of participants [26]. Individuals who
experienced side effects reported significantly higher levels of nonadherence than those
who did not (37.6% vs. 18.4%) [26]. The side effects of OSD were associated with a reduced
quality of life and worsening of quality-of-life scores correlated with reduced adherence
captured by a questionnaire [22]. Several studies reported that the severity and prevalence
of OSD in glaucoma patients correlated with the number of preserved drops per day and
duration of treatment [24,27,28].

The improvement of symptoms and signs of OSD after switching from preserved to
preservative-free eye drops has been shown in many studies [29–33]. In a large prospective
survey including 4107 participants, Pisella et al. reported that patients taking preserved eye
drops had significantly more symptoms and signs of OSD than those taking preservative-
free eye drops [29]. For patients experiencing more pronounced signs and symptoms
of ocular irritation, a treatment change from preserved to preservative-free eye drops
significantly decreased the prevalence of all symptoms and signs. Jaenen et al. in a cross-
sectional study including 9658 patients assessed subjective symptoms and signs of ocular
irritation [30]. Each symptom and all the signs (blepharitis, eczema, hyperemia, and
fluorescein staining) were significantly more frequent in patients taking preserved than in
patients on preservative-free eye drops [30]. At the time of these two studies, most patients
used preserved hypotensive drops, and the choice of preservative-free formulations on the
market was limited. Following the launch of preservative-free tafluprost and a preservative-
free fixed combination of timolol with dorzolamide, preservative-free latanoprost and
bimatoprost and later their fixed combinations with timolol became available. Several
studies have compared the efficacy and tolerability of preservative-free prostaglandin
analogues and their fixed combinations to their preserved counterpart and found that
preservative-free formulations are noninferior in their IOP-lowering effect and associated
with less signs and symptoms of OSD. Patients with ocular symptoms or signs of OSD on
preserved latanoprost (Xalatan®; Pfizer, New York, NY, USA) were switched to preservative-
free tafluprost (Taflotan®; Santen Oy, Finland) which had similar IOP-lowering effect as
preserved latanoprost but was better tolerated and resulted in a decrease in symptoms
and signs, and improved quality of life and patients’ satisfaction [31,34]. The same efficacy
and better tolerability have been shown for a preservative-free latanoprost (Monopost®,
Thea Pharmaceuticals, France) compared with preserved latanoprost (Xalatan®; Pfizer,
New York, NY, USA) [35]. Pillunat et al. [33] evaluated in an open-label study efficacy
and tolerability of preservative-free fixed combination of tafluprost/timolol (Taptiqom®;
Santen Oy, Tampere, Finland) in 1157 patients. Preservative-free fixed combination lowered
IOP in all subgroups of patients: treatment naïve, prior monotherapy and prior fixed
combinations. At the final visit at 16 weeks, symptoms, and signs of OSD improved in
patients with prior medical therapy and, using a simple questionnaire, 90% of patients
rated treatment comfort as very good or good [33].

3.2. Sustained Drug Delivery Systems

Development of sustained drug delivery vehicles has been an ongoing search to
improve adherence among patients. These drug delivery systems may be applied onto
the ocular surface (contact lenses, nanoparticles, microspheres, extraocular inserts), in the
puncta (punctal plugs) or injected into the eye. Different novel drug delivery techniques are
in different stages of development and only one, the intracameral bimatoprost SR ocular
implant (Durysta®; Allergan, Irvine, CA, USA) has been recently approved by the FDA for
sustained IOP reduction [36].
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3.2.1. Nanoparticles

To overcome the limitations of topical antiglaucoma medications, nanoparticulate
(NP) delivery systems may improve solubility of the drug and corneal penetration, increase
concentration at the target tissue, reduce irritation and systemic side effects and provide
dose accuracy and sustained release of the drug [37]. Nanoparticles, tiny structures ranging
from 1 to 100 nm in size, can bypass biological barriers and deliver drug to the target tissue.
Nanoparticles are used in different shapes such as nanoemulsions, dendrimers, liposomes,
nanospheres, hydrogels, nanocrystals, nanodiamonds, microspheres, niosomes, nanofibers,
and nanocapsules [37]. Lipid and polymer nanoparticles are usually used to carry the
drugs, isolate their contents from degradation and regulate their release. Several drugs
using a NP delivery system are under investigation, but currently none has been approved
for clinical use [38].

3.2.2. Contact Lenses

The contact lens drug delivery system is also very attractive. As the bioavailability of
drugs with drop instillations is very low, the incorporation of drugs into the contact lens
matrix increases the drug residence time on the cornea and improves drug bioavailability
by more than 50% compared to eye drops [39]. Achieving sustained or prolonged release
of the drug from the contact lens allows for reduced frequency of drop instillation and
potentially improved adherence. Different drug loading methods are used to incorporate
drugs into polymeric support [39,40]. At present, most of the glaucoma drug-loaded
therapeutic contact lenses are in the preclinical or clinical stages and data regarding safety,
efficacy and pharmacokinetics are required [41].

3.2.3. Extraocular Inserts

Ocular inserts of different forms and sizes are shaped to fit into the conjunctival
fornices. These inserts increase the ocular surface contact time of the drug, improve
its bioavailability and reduce the need for frequent drop instillation. Among the first
approved ocular inserts, Ocusert™ was placed under the eyelid and released pilocarpine
over one week [42]. Although it was effective in reducing IOP, its use was limited by device
dislodgement and high cost. Ocusert™ is not available on the market since 1993.

Another insert, bimatoprost sustained-release fornix ring-type insert, is in the late
stage of development for clinical use. The insert achieved IOP reduction over 6 months
similar to timolol 0.5% BID drops, was safe and well tolerated [43]. In a 13 months open-
label extension study the bimatoprost ring showed good retention rate with a median IOP
reduction of 4 mmHg (interquartile range 2–6) [44]. The most frequently reported adverse
events from both studies were mucous eye discharge (16%), conjunctival hyperemia (14%)
and punctate keratitis (12%).

3.2.4. Punctal Delivery Systems

Different solutions, suspensions, emulsions, nanoparticle or microparticle or liposome
suspensions can be loaded into the core of the plug [45]. The latanoprost punctal plug
delivery system (Mati Therapeutics) was loaded with 70.5 μg of latanoprost per device.
When two such plugs were inserted in the upper and lower puncta, the mean IOP was
reduced by 5.7 mmHg (22.3%) from baseline after 4 weeks [46]. The latanoprost-loaded
punctal plug was well tolerated, with tearing reported as the most frequent adverse event.

The travoprost punctal plug (OTX-TP, Ocular Therapeutics, Bedford, MA, USA) is
a rod-shaped hydrogel rod that swells in the canalliculus, thus preventing extrusion.
Travoprost is encapsulated in polylactic acid microparticles for sustained release to the tear
film over 90 days [47]. In the double-masked phase 2b study (NCT02312544) comparing
the safety and efficacy of sustained-release travoprost plug delivery to timolol eyedrops in
patients with open-angle glaucoma or ocular hypertension, OTX-TP plugs reduced IOP by
4.5–5.7 mmHg, whereas timolol reduced IOP by 6.4 mmHg–7.6 mmHg. The superb efficacy
of timolol eye drops is likely the effect of decreased wash-out through the nasolacrimal
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ducts by inert punctal plugs. In an Asian population, sustained-release travoprost reduced
IOP by 24% at 10 days, and by 15.6% at day 30 [48].

Among the major limitations of the punctal drug delivery system is that only low
drug doses, typically required for potent drugs (e.g., prostaglandins and corticosteroids),
can be embedded into the plug core matrix. At present the only punctal delivery system
available on the market is dexamethasone 0.4 mg insert (Dextenza™, Ocular Therapeutix)
approved by the FDA in 2018 for the treatment of ocular inflammation and pain following
ophthalmic surgery.

3.2.5. The Periocular Drug Delivery System

For the subconjunctival route, several delivery systems can be used such as implants,
microspheres, nanospheres, liposomes, and gels [45]. Most of the studies were performed in
rabbits by injecting a subconjunctival formulation of timolol, brimonidine, latanoprost and
carbonic anhydrase inhibitors and achieved good IOP reduction without signs of inflam-
mation for up to 90 days, depending on the delivery system used [49–54]. In a pilot study
(NCT01987323) including six patients, a nanoliposome-based latanoprost delivery system
was well tolerated, and in five out of six patients IOP reduction achieved at 3 months was as
effective as previous reports of latanoprost ophthalmic solution [55]. A recently completed
randomized trial including 80 participants (NCT02466399) comparing the efficacy of sub-
conjunctival liposomal latanoprost injection to latanoprost ophthalmic solution reported
a mean change in IOP at month 3 of −2.3 mmHg (SD 4.6) and of −6.4 mmHg (SD 2.9),
respectively. Adverse events were reported in the liposomal latanoprost group only, with
the most frequent being conjunctival hemorrhage (26.4%), foreign body sensation (17.0%),
and conjunctival hyperemia (13.2%). To date, no subconjunctival delivery system has been
approved, suggesting inherent delivery and efficiency limitations associated with these
delivery systems.

3.2.6. Intraocular/Intracameral Drug Delivery

Bimatoprost intracameral implant 10 μg (Durysta®; Allergan, Irvine, CA, USA) is
the only sustained-release glaucoma therapy approved by the FDA in March 2020 for the
lowering of IOP in patients with open-angle glaucoma or ocular hypertension [56]. It is a
rod-shaped biodegradable implant based on a poly (lactic-co-glycol) acid matrix Novadur®

platform, used in dexamethasone intravitreal implant (Ozurdex®, Allergan, Irvine, CA,
USA) and provides steady bimatoprost release for up to 6 months [57]. A single-use,
28-gauge sterile applicator is used for intracameral administration. Several doses were
studied in clinical trials with the 10 μg of bimatoprost having the best balance between
safety and efficacy [58–60]. The 10 μg of drug released is equivalent to a single drop of
bimatoprost 0.03% ophthalmic solution [61]. The FDA approval for a new drug application
was based on the results of two phase 3 clinical studies comparing administration of 10 and
15 μg bimatoprost implant with twice daily timolol maleate 0.5% eye drops. Both implants
showed noninferiority to topical timolol eye drops in lowering IOP through 12 weeks but
with more adverse events such as corneal edema and endothelial cell loss than in the topical
timolol group, especially with the 15-μg implant after repeated administration [60,62].
Long-term retention of the implant beyond the optimal drug effect period is another
disadvantage when considering readministration. For this reason, the 10 μg bimatoprost
implant with a better benefit–risk ratio was approved by the FDA and limited to a single
intracameral administration. Pooled analysis of the two phase 3 studies reported that
the percentage of bimatoprost 10 μg-treated patients with at least 20% IOP lowering
from baseline in the study eye was 72% at week 12 and 57% at week 15 [63]. The IOP-
lowering efficacy of the bimatoprost 10 μg implant declined from week 12 to week 15. In
the 24-month phase 1/2 study, 21 patients received the 10 μg bimatoprost implant in the
study eye and topical bimatoprost 0.03% in the fellow eye [59]. The percentage of eyes
receiving the bimatoprost implant with at least 20% reduction from baseline was 76.2%
(16/21) at week 12 and 52.4% (11/21) at week 16. Interestingly, in 5 patients who reached
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month 24 without re-treatment or additional hypotensive medication, the IOP-lowering
effect at the final visit was similar to the effect of once-daily topical bimatoprost [59].

Ongoing clinical trials (NCT03891446, NCT03850782) are evaluating the efficacy of
IOP lowering and the safety of readministration of the bimatoprost implant (Durysta®)
over 24 to 48 months. Of interest are clinical trials comparing the efficacy and safety of
bimatoprost SR to selective laser trabeculoplasty (SLT), of which one (NCT023636946) was
completed last year. This study included 144 participants with open-angle glaucoma or
ocular hypertension who were not adequately managed with topical IOP-lowering medica-
tions for reasons other than medication efficacy (e.g., due to intolerance or nonadherence)
and were randomized to the bimatoprost SR 15 μg or SLT treatment groups. The primary
outcome measure was change from baseline IOP at week 4, 12 and 24. The bimatoprost SR
15 μg was noninferior in IOP reduction to SLT at all scheduled visits. The second ongoing
trial (NCT02507687) is comparing the IOP-lowering effect and the safety of bimatoprost
SR (Durysta®) compared with SLT in patients with open-angle glaucoma or ocular hy-
pertension who are not adequately managed with topical IOP-lowering medication. The
findings of both aforementioned ongoing studies can support clinical decision, but also the
long-term safety, repeatability and cost-effectiveness need to be considered. As a result of
the prolonged IOP-lowering effect of bimatoprost SR, an ongoing trial is also investigating
the efficacy and safety of treat and extend (NCT03850782) of Durysta®. No current results
are available.

Another intracameral implant in a phase 2 clinical trial (NCT02371746) is the ENV515
travoprost extended release (XR) (Envisia therapeutics, Research Triangle Park, NC, USA),
using a biodegradable polymer as the drug delivery system. Single intracameral admin-
istration of a low dose of the ENV515 reduced the mean IOP by 6.7 mmHg (SD 3.7) at
11 months. Lowering of IOP was comparable to latanoprost, bimatoprost (reports) and the
in-study 0.5 timolol maleate topical daily drops. Ocular hyperemia, punctate keratitis and
foreign body sensation were the most common adverse events (NCT02371746).

The iDose travoprost implant (Glaukos Inc., San Clemente, CA, USA) is a titanium
intracameral delivery system that elutes travoprost. It is placed through a small corneal
incision and anchored to trabecular meshwork. The membrane within the implant controls
the release of travoprost into the anterior chamber. Once depleted, the implant can be re-
moved and exchanged for continued treatment [47]. Ongoing clinical trials (NCT02754596,
NCT03868124, and NCT03519386) are comparing different elution rates of the travoprost
implant to topical timolol 0.5% dosed twice daily. In a phase 2b study (NCT02754596),
mean IOP lowering at the 36 months was 8.3 and 8.5 mmHg in the fast and- slow-release
travoprost implant, respectively, versus 8.2 mmHg in the timolol control arm. The 36-month
phase 2 data did not show clinically significant corneal endothelial cell loss, no serious
corneal adverse events and periorbital fat atrophy and conjunctival hyperemia in either
elution arm [64]. Repeated procedures and presence of the implant in the angle for contin-
ued treatment may be associated with adverse events related to surgical procedure and
long-term effect on the corneal endothelial cells. A phase 2 study is evaluating the safety
of the operative and surgical exchange procedure of the travoprost intraocular implant
(NCT04615403).

Travoprost for a slow and extended release, OTX-TIC (Ocular Therapeutix, Bedford,
MA, USA), has also been incorporated in a fully biodegradable implant that is administered
into the anterior chamber with a 27 G or 26 G needle. In OTX-TIC, travoprost-loaded mi-
croparticles are embedded in hydrogel, which allows for an extended release of travoprost
for a 4–6-month duration. A phase 2 study (NCT05335122) is evaluating the efficacy and
safety of the OTX-TIC low- and high-dose intracameral implant in patients with open-angle
glaucoma or ocular hypertension and comparing 2 travoprost dose strength to a single
injection of bimatoprost SR (Durysta®).
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4. Monitoring Devices and Smart Drug Delivery Systems

The challenge of how to monitor adherence has been differently addressed and some
studies used more than one method. The most common objective way of measuring
adherence is electronic monitoring using a medication event monitoring system (MEMS),
followed by pharmacy records [65]. A MEMS is a cap that fits on bottles and records
the time and date each time the bottle is opened and closed. The Travatan Dosing Aid
was among the first electronic monitoring devices designed to hold a bottle of travoprost.
The device had attached base that recorded time when the lever that administered the
medication was fully depressed, and the data were downloaded from the device [66].
Electronic monitoring using a MEMS has been used to assess the rate of adherence, identify
patients’ characteristics associated with poor adherence and evaluate its change after
different interventions to improve adherence [67–73]. Adherence data collected by a MEMS
have shown that patients with glaucoma, especially those newly diagnosed were likely to
overreport the percentage of doses taken [70,74,75]. Recently, Japanese researchers have
developed and evaluated an eye dropper bottle sensor system comprising motion sensor
with automatic motion waveform analysis using deep learning to accurately measure
adherence of patients with antiglaucoma ophthalmic solution therapy [76]. An eye dropper
bottle sensor was installed at patients’ homes, and they were asked to instill the medication
and manually record each instillation time for 3 days. Waveform data were automatically
collected from the eye dropper bottle sensor and judged as a complete instillation by
the deep learning instillation assessment model. The eye dropper bottle sensor system
successfully auto extracted the instillation data of 20 patients with glaucoma for 3 days
with 100% accuracy in a moment and may be an option to objectively measure adherence
in clinical practice [76].

Innovative solutions have been developed in the area of smart drug delivery. The
benefits include better monitoring, user support, uploading data from different devices
that are integrated using different platforms and made accessible to health care providers.
Smart drug delivery makes treatment management for patients easier and may improve
their adherence, integrated data shared with the eyecare providers can provide better
monitoring and communications, all of which may increase treatment efficacy. In addition,
smart drug delivery enhances treatment efficiency as the prescriptions are timely fulfilled
without stopping therapy, which may lead to improved control of disease and less hospi-
talization. These innovations were introduced to improve adherence and monitoring of
other chronic diseases, such as diabetes and asthma. Various smart insulin pens have been
developed, including smart pen caps that automatically capture injection data and enable
immediate transmission of data from the pen via Bluetooth or near-field communication
to a smartphone application and into digital storage, so the stored data can be viewed by
health care providers or caregivers [77–79]. Studies showed that patients preferred smart
insulin pens as they increased their confidence in diabetes management, but there was a
lack of published data regarding smart insulin pens with connectivity [77].

Kali Drop (Kali Care, Santa Clara, CA, USA) represents a potential improvement in the
eye care by directly measuring regimen adherence in patients using topical medications [80].
This device is a compact, 3G wireless monitor that electronically transmits medication
use (e.g., number of drops dispensed, time, and date taken) in real time through wireless
networks to a user-friendly interface that may be used by patients, caregivers, and providers
to view and track adherence to topical therapy. The device was used in a pilot study
comparing use of topical medications for 2 months between a wireless monitoring device
and validated self-reported measures of glaucoma medication adherence [81]. Median
adherence as measured by the device and self-report differed and dropped slightly after
1 month for both. This suggests that despite participating in a study and knowing they
will be monitored, adherence wanes over short time. The majority of subjects found the
device easy to use and reported that it did not interfere with their daily activities, and
they were not bothered by the physician tracking their eye administration. However, this
study included a small sample (23 subjects) with a short follow up. Studies including more
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patients in a real-world setting with longer monitoring would add additional information
about usability of this device.

E-Novelia® (Nemera, La Verpillière, France) is a smart drug delivery-connected device.
It is designed as an add-on to existing preservative-free formulations for glaucoma or
dry eye treatment and is applicable across different medications. It has the potential to
improve an already existing way of drop instillation and adherence [82]. This approach
requires the use of the company’s own custom eye drop medication bottles to latch to a
system that contains the embedded sensors. The device has several electronic features
that could be transferred across multiple device platforms: tilt sensor and LED indication
for device positioning, location tracking, remaining drug indicator, treatment history
and compliance, shelf-life management, drop detection, electronic instructions for use,
smartphone application and notification, shaking formulation indication, and RFID tag on
eyedropper bottle to collect data.

In the United States, an intelligent sleeve, a monitoring system capable of detecting and
quantifying eye drop medication use without altering the original medication packaging
has been developed [83]. The prescription bottle is placed in the sleeve with the embedded
sensors and electronics that measure fluid level, dropper orientation, the state of the
dropper top (on/off), and rates of angular motion during an application. The sleeve was
tested with ten patients (age ≥ 65) and successfully identified and timestamped 94% of
use events [83]. Data from the sensors are transmitted from the system to a smart phone
or another Bluetooth-connected device. Health care providers can use this information to
support clinical decisions.

This technology has the potential to be useful for patients, and health care providers
that will benefit from following and adjusting treatment. The limitation of these devices
is that they measure drop dispensing and not really drop instillation into the eye itself. A
pilot study using imaging system to record video of the drop technique has shown that few
patients were able to properly apply the drops. Most had issues either getting the drops in
their eyes, applying the correct number of drops, touching the bottle to the eye or adnexa
or some combination of the above [84]. We did not find any studies evaluating adherence
in the real world using smart drug delivery-connected devices in glaucoma patients.

5. Selective Laser Trabeculoplasty

Selective laser trabeculoplasty (SLT) has fewer adverse events, improved repeatability
and ease of use compared to its predecessor argon laser trabeculoplasty. It is an outpatient
laser procedure which lowers IOP by increasing aqueous outflow through the trabecular
meshwork. The procedure is indicated to lower IOP in open-angle glaucoma and ocular
hypertension as first-line treatment or as an add-on or replacement treatment (e.g., nonad-
herence or intolerance) [5]. The LiGHT trial showed that there was no difference between
SLT and eye drops used for first-line therapy over the 36 months period in achieving
target IOP (20% or 30% IOP reduction), health-related quality of life, adverse events and
treatment adherence in newly diagnosed patients with open-angle glaucoma and ocular
hypertension [85]. This trial also reported that people who were given eye drops as first-line
treatment, used more eye drops and required the use of more than 1 eye drop medication at
12 months, compared with people who were given SLT as first-line treatment. Furthermore,
three-quarters of the patients initially treated with laser did not need any eye drops for the
first 3 years of treatment and had a reduced need for surgery [86]. To achieve target IOP
over 36 months, SLT needed to be repeated in approximately 15% of people in the SLT arm
within the first year [86]. Visual field outcomes (median 9 visual fields over 48 months)
showed that a slightly greater number of eyes (56 eyes (9.5%)) treated with medical therapy
first had fast visual field progression defined as total deviation progression < −1 dB/year
compared with those treated first with SLT (32 eyes (5.4%)) [87]. Cost-effectiveness analysis,
pertinent to the United Kingdom, where the trial was conducted, showed that first-line
treatment with 360◦ SLT was more effective and less costly compared with eye drops and
should be offered as initial treatment in patients with open-angle glaucoma and ocular
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hypertension meeting the inclusion criteria of this trial [85]. No difference in adherence
between the medical and SLT first-treated arm in the LiGHT trial may be due to patient
selection, including highly motivated people with extensive support, which is not the
case in practice [7,75,88]. Another prospective multicenter clinical trial comparing the
effectiveness of SLT with topical medication as initial treatment did not find that SLT was
superior over medication in improving glaucoma-specific health-related quality of life
in newly diagnosed primary open-angle and exfoliative glaucoma patients over 2-year
follow up [89]. More individuals in the medication arm had conjunctival hyperemia and
eyelid erythema compared with the SLT at 24 months. Successful IOP reduction, defined as
IOP-lowering of 25% or more from baseline, was superior in the medication arm compared
with the SLT arm. The differences in findings between the two studies are probably caused
by the differences in trial design, population and sample size. For participants with early
to moderate primary open-angle and exfoliation glaucoma, no separate analysis by the
subtype of glaucoma was performed [89,90].

Based on the evidence of the LiGHT trial regarding cost effectiveness, the National In-
stitute for Health and Care Excellence (NICE) guidelines recommends that 360◦ SLT should
be offered as first-line treatment to people with newly diagnosed ocular hypertension with
IOP of 24 mmHg or more (and if they are at risk of visual impairment during their lifetime)
or chronic open-angle glaucoma [91]. In the published literature, the most common adverse
events are transient elevation of IOP, especially in eyes with heavily pigmented trabecular
meshwork within the first 2 h after SLT (greater than 6 mmHg in 3.4% of eyes) and mild
iritis which resolves in a few days [92,93]. Rare adverse events described in case reports
include transient changes in the corneal endothelium on specular microscopy in eyes with
pigment on endothelium [94], recurrence or worsening of macular edema [95–97] and
hyphema [98,99].

In practice, adherence to topical eye drops is often overestimated and SLT relieves
the burden of topical instillation, which is of concern especially in older people with co-
morbidities and low-self efficacy [100,101]. There is a reduction in SLT effect over time,
with approximately 50% of failure after 2 years [102]. Most commonly, the success of
SLT has been defined as IOP reduction from a baseline of at least 20% or of 3 mmHg or
greater and not by achieving target IOP [103–105]. The recommendation for repeating
SLT are required, because repeat SLT treatment is usually performed in clinical setting.
Most of the studies evaluating retreatments with SLT after prior SLT or ALT were ret-
rospective and performed in a small number of patients with medically uncontrolled
glaucoma [106–111]. They reported that repeat SLT effectively lowered IOP in eyes with
initial successful SLT [106–108,111] and controlled IOP up to 24 months in approximately
30% of eyes [108], whereas in one study [109] the effect of repeat SLT was half of the effect
of the initial treatment.

The post hoc analysis of the LiGHT trial also investigated whether IOP-lowering
efficacy and duration of effect of repeat SLT were comparable to initial SLT in medication-
naïve open-angle glaucoma and ocular hypertensive eyes [112]. A total of 115 eyes of
90 patients received repeat SLT during the first 18 months of the trial. Absolute IOP
reduction at 2 months was greater after initial SLT compared to repeat SLT, but when
adjusting for pretreatment IOP (greater IOP in the initial SLT than in the repeat SLT), the
absolute IOP reduction was greater in repeat SLT [112]. However, the comparison between
retrospective studies and the LiGHT trial regarding the efficacy of repeat SLT is difficult due
to different populations and criteria of success. At this moment, there are no randomized
clinical trials to recommend how many times SLT can be repeated and is still effective.
However, based on clinical experience, effect from SLT might be reduced after repeating it
more than 2 or 3 times. As glaucoma is a lifelong disease, for the future, we need knowledge
about long-term SLT outcomes such as visual field progression at 5- or 10-year follow up.
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6. Minimally Invasive Glaucoma Surgery

Minimally or microinvasive glaucoma surgery (MIGS) is a term collectively used
to define a number of surgical procedures that involve a microincisional approach with
minimal tissue trauma, have a higher safety profile than conventional drainage surgery
and allow for rapid recovery with less impact on patients’ quality of life [113]. In recent
years many of these surgical procedures have been implemented in clinical practice. MIGS
procedures and devices lower IOP by draining aqueous into Schlemm canal, the subcon-
junctival space, or the suprachoroidal space [114]. By reducing the number of or the need
for drops these procedures have the potential to reduce side effects of topical treatment and
improve adherence [6].

MIGS procedures are bleb forming or non-bleb. In order to differentiate, the term
microinvasive bleb surgery (MIBS) has been introduced. The distinction is important as
bleb-forming procedures need meticulous post-operative management and experience
in filtering surgery. To prevent scarring and establish flow, adherence to a topical anti-
inflammatory treatment regimen is important. MIBS can be placed ab externo or ab interno
(within the eye). Only those procedures with an ab interno approach with clear corneal
incision and sparing of conjunctiva are considered MIGS [115,116].

The only MIBS with ab interno approach is XEN gel stent microshunt (Allergan,
Dublin, Ireland). Meta-analysis of 78 studies found that XEN gel stent effectively reduced
IOP and number of glaucoma drops till 48 months after surgery, but had a higher needling
rate compared to trabeculectomy [117]. Three-year outcomes of ab interno XEN gel stand-
alone procedure or combined phaco-XEN showed similar IOP-lowering from baseline
and decrease in the number of eye drops (approximately halved) in both groups [118].
Needling over 3 years was required in 93 out of total 212 eyes (44%), with the mean number
of needling of 1.3 per eye [118]. This suggests that careful post-operative follow up and
interventions are important to maintain functioning bleb, all of which require patients’
adherence. Meta-analysis on the standalone XEN45 gel stent implantation in the treatment
of open-angle glaucoma reported that the overall quality of current evidence is low, and
there is the need for more randomized controlled trials and outcomes measured with a
clinically meaningful definition of success [119].

MIGS implanted ab interno are required by the FDA to be performed at the time of
cataract surgery. Therefore, the trial protocols compared a reduction in IOP and num-
ber of drops in eyes with MIGS combined with cataract surgery to cataract surgery
alone [115]. MIGS implants that increase Schlemm canal outflow by either removing
or bypassing juxtacanalicular trabecular meshwork tissue and inner wall of Schlemm canal
include Trabectome® (NeoMedix Corporation, Tustin, CA, USA), iStent inject (Glaukos
Inc., San Clemente, CA, USA) and Hydrus microstent (Ivantis, Inc., Irvine, CA, USA).
Although Trabectome was approved by the FDA in 2004 there has been only one random-
ized trial comparing ab interno removal of angle tissue with trabectome combined with
cataract surgery to trabeculectomy combined with cataract surgery [120]. Phaco-trabectome
achieved similar IOP lowering at 6 and 12 months compared to phaco-trabeculectomy
with similar medications required at 1 year and no serious complications in the phaco-
trabectome group. The trial has low quality evidence for the outcomes of ab interno
trabectome surgery for open-angle glaucoma, with only 19 patients included and termi-
nation before the intended sample was reached [121]. Another procedure, also termed ab
interno goniotomy or trabeculectomy, uses Kahook dual blade device (KDB, New World
Medical Inc., Rancho Cucamonga, CA, USA) to excise and remove trabecular meshwork
tissue, thus increasing aqueous outflow via Schlemm canal. In patients with mild to
moderate glaucoma, adding ab interno trabeculectomy with Kahook dual blade to pha-
coemuslification was not more effective than phacoemulsification alone, with a similar
safety profile [122]. Some studies found greater IOP reduction for goniotomy with Kahook
dual blade [123,124]. However, the findings cannot be compared, as studies have different
designs, study populations and criteria of success. It seems that this procedure modestly
reduces IOP and the number of eye drops at 12 months, comparable to iStent [125,126].
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Data from two RCTs suggested that iStent in combination with phacoemulsification
was more effective in lowering IOP than phacoemulsification alone and reduced required
daily topical medications by 0.4 drops more than cataract surgery alone at 1 year [127,128].
A greater reduction in IOP without medication for iStent inject (a second generation of
iStent delivering 2 implants) combined with cataract surgery than for cataract surgery
alone was sustained and present at 2 year-follow up [129]. The iStent inject trial captured
patient reported outcomes using Visual Function Questionnaire 25 and Ocular Surface
Disease Questionnaire [130]. The responses from both questionnaires suggest that reducing
medication burden with iStent inject may improve quality of life by improving ocular
surface symptoms and thus facilitating vision-related activities.

Hydrus microstent (Ivantis Inc., Irvine, CA, USA), an 8 mm intracanalicular scaffold
device inserted through a corneal incision in the trabecular meshwork, lowers IOP by
increasing aqueous outflow via Schlemm canal. It was approved by the FDA in 2018
with cataract surgery to treat mild to moderate glaucoma. A study comparing real-world
24-month outcomes for Hydrus (120 eyes) or iStent inject (224 eyes) combined with cataract
surgery in patients with mild to moderate open-angle glaucoma or ocular hypertension
showed sustained IOP reduction with a good safety profile and no significant difference
in IOP reduction between the groups [131]. There may be a small additional reduction
in glaucoma medication usage following cataract surgery with iStent inject compared to
Hydrus [131]. Recent meta-analysis found moderate certainty evidence that adding a
Hydrus safely improved the likelihood of drop-free glaucoma control at medium-term
(6–18 months) and long-term (>18 months) follow up and conferred 2.0 mmHg greater IOP
reduction at long-term follow up, compared with cataract surgery alone [132,133]. The latest
systematic review and network meta-analysis including 6 prospective RCTs reported that
the Hydrus implantation may have a slight advantage to achieve drop-free status versus
the 1-iStent or 2-iStent implantation in combination with phacoemulsification [134]. Both
device-augmented MIGS can reduce or delay the need for more invasive filtration surgery.

MIGS devices inserted ab interno that target the suprachoroidal route include the
Cypass® microstent (Alcon, Laboratories, Texas, Inc., Texas, USA), iStent SUPRA® model
G3 (Glaukos Inc., San Clemente, CA, USA) and the MINIject™ (iStar Medical, Wavre,
Belgium). Cypass microstent combined with cataract surgery reduced IOP and the number
of eye drops more than cataract surgery alone, but was associated with corneal endothelial
cells loss and was withdrawn from the market by Alcon [135,136]. A study evaluating the
efficacy and safety of suprachoroidal iStent SUPRA in conjunction with cataract surgery
compared to cataract surgery alone has not published the results (NCT01461278). The
MINIject, undergoing clinical trials, as a standalone procedure achieved 20% IOP reduction
in all patients at 2 years [137], but a longer follow up to evaluate safety is required. MIGS
devices using the suprachoridal pathway have not been a long-term success due to fibrosis
and/or complications, hence improvement of material biocompatibility to limit foreign
body reaction may overcome these barriers.

7. Discussion

Similarly to other chronic diseases, nonadherence to medication is a challenge to
effective treatment of glaucoma. There are many barriers to adherence that need to be
detected and the approach individually tailored [19]. The purpose of this review is to
highlight different approaches to address adherence and relieve the burden of long-term
frequent drop administration (Table 1). However, many of these approaches are still
undergoing clinical trials.
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Table 1. Summary of treatment options to address low adherence.

Treatment Option Type Advantages Disadvantages/Limitations Clinical Setting

1. Medical treatment

Topical PF drugs

Reduce signs and
symptoms of OSD,

thus may
improve adherence

Drop instillation is
not reduced

PF drugs available
for most of the

drug classes

Sustained DDS

No or reduced need
of drop instillation
depending on the
DDS; reduction in
systemic and local

side effects

Depends on the DDS; Lack of
data on the dosage and

administration regimen of
these formulations, metabolic
ways and ocular toxicity of all

formulation components,
their pharmacokinetics and

pharmacodynamics, the
release of the drug in different

eye tissues, formulation
stability, the influence of the
method of the synthesis not

only on physio-chemical
properties of formulation but

also on its physiological
effect, the suitability of

nanocarriers with respect to
biodegradability and patient

comfort, safety issues

Only 1 sustained
DDS approved for
clinical use, single

drug loading

Nanoparticles
Different forms:

liposomes,
dendrimers

Improved corneal
penetration, higher

concentration at
target tissue, longer
retention, sustained
release; different NP
systems investigated

carrying different
glaucoma drugs

See above limitations

Not approved for
clinical use; in
preclinical and
clinical trials

Contact lenses

Various types of
drugs or delivery

systems can be
placed into the

periphery of lens

Increased drug
residence

time > 30 min
improves

bioavailability,
prolonged

drug release

Changes in contact lens
swelling and water content,

transmittance, protein
adherence, surface roughness,

tensile strength, ion, and
oxygen permeability and

leaching of the drug during
contact lens manufacture

and storage

Preclinical studies:
contact lens eluting
latanoprost starting

human trial

Extraocular
inserts

Bimatoprost
ring insert

As above, IOP
-lowering effect over
6 months similar to
timolol eye drops

Foreign body reaction to
insert? Long-term acceptance

-dislodgement. Cost

Not approved for
clinical use

Punctal DDS

Different
pharmaceutical

forms loaded into
the core of the plug

Reduced need of
drop instillation

Only low drug doses of
potent drugs

(e.g., prostaglandins) can be
loaded into the plug matrix.

Long-term acceptance.
Side effects

Not approved for
clinical use; in
clinical trials

Periocular DDS
Different DDS,

subconjunctival
injections

Reduced need of
drop instillation

Efficacy and safety issues
depending on the DDS

Most studies in
animals. Not
approved for
clinical use

Intraocular/
intracameral
drug delivery

Biodegradable
implants using
different DDS
(bimatoprost,
travoprost);

titanium implant
eluting travoprost

(needs to
be exchanged)

No or reduced need
of drop instillation,

effective IOP
lowering ≥ 6 months

Retention of implant beyond
the optimal drug effect,

long-term safety,
and repeatability

Bimatoprost SR
intracameral

biodegradable
implant approved

for single
administration.
Ongoing trials
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Table 1. Cont.

Treatment Option Type Advantages Disadvantages/Limitations Clinical Setting

2. Monitoring
systems and
smart DDS

MEMS caps for
electronic

monitoring.
Smart drug

delivery-connected
devices

Supporting
adherence by

providing
information to
patients (alerts,
remaining drug

volume, positioning),
health care providers

Studies showing improved
adherence over short-term,

measure drop dispensing and
not drops landing into the

eye. No real-world data, cost
Data protection issues

Smart drug
delivery-connected

devices

3. SLT

Postpones the need
for medical

treatment, safe, can
be repeated

Greater effect in eyes with
higher pre-SLT IOP; reduction

in effect over time. Lack of
data about long-term SLT

outcomes (visual field), how
many times can be repeated

and is still efficacious

As first treatment
in open-angle
glaucoma or

high-risk ocular
hypertension

4. MIGS
Microinvasive bleb

surgery.
Non-bleb forming

No drops or reduce
the number of drops
needed over 2 years;

delay the need
for more

invasive surgery

Lack of large RCTs with
long-term outcomes and

real-world data on clinical
and economic effectiveness

Available,
combined with

cataract surgery to
treat mild to

moderate
glaucoma

DDS, drug delivery system; MIGS, minimally invasive glaucoma surgery; NP, nanoparticle; OSD, ocular surface
disease; PF, preservative free; RCT, randomized controlled trial; SLT, selective laser trabeculoplasty.

Side effects of treatment are often reduced when switching from preserved to
preservative-free eye drops and decreasing the number of daily drop instillations in pa-
tients with signs and symptoms of OSD. The toxic-inflammatory effects of BAK are well
known and preservative-free drops should be a reference standard for all [138]. However,
there is less information about the long-term influence of excipients on ocular surface.
Freiberg et al. [139] observed that among preservative-free latanoprost products there were
significant differences in pH value, osmolality, and surface tension which may lead to unsta-
ble tear film and ocular surface adverse effects. For the future, long-term clinical studies are
required to evaluate the safety and efficacy of formulations with different physicochemical
properties using a consensus-based series of outcomes and assessment methods [140].

In sustained drug delivery, nanotechnology-based treatments may have the potential
to overcome the limitations of currently available glaucoma therapy as they enable targeted
delivery, accurate dosing, less side effects, sustained release and increased bioavailability.
Several glaucoma drugs have been investigated in nanomedicine formulation, but none of
them is available for clinical use.

Of the sustained delivery systems, only the bimatoprost SR (Durysta®) intracameral
implant has been approved for single administration due to safety issues until the results of
the ongoing clinical trials on the long-term safety and efficacy of the implant are available.
With the effect lasting up to 6 months, patients would need multiple administrations in
aseptic conditions, which increases the risk of infections.

An important limitation of different drug delivery systems is that only one drug
can be loaded, whereas the majority of glaucoma patients need more than one drug to
achieve target IOP. Moreover, no studies on cost-effectiveness have been published, possibly
because many of these new drug delivery systems are in the preclinical or clinical trials.

In the era of eHealth, smart drug delivery-connected devices in treatment of glaucoma
have the potential to improve adherence and for the care provider to detect nonadherence
and highlight the risk of progression. Smart drug delivery systems have been used only in
research setting including small number of motivated subjects with a short follow up [141].
The size of these devices is still large, which may be inconvenient to adopt. Protection of
data and sharing are important issues in digital health care and also fiduciary physician-
patient relationship.

The SLT as first-line treatment was shown to be more cost effective compared to
medication in the UK setting. It delays the need for eye drops in patients with OHT, early
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and moderate open-angle glaucoma. A retrospective study in a real-world setting found
that 70% of patients initially responded to SLT, but approximately three-quarters of eyes
failed treatment within 2 years post-SLT [142]. In this study, definition of failure included
IOP > 21 mmHg, IOP reduction < 20% from baseline and further glaucoma procedures
(including repeat SLT) or medication increase from baseline.

Although there is increasing use of MIGS and MIBS devices and procedures, there is a
lack of large randomized controlled trials and real-world observational studies to determine
clinical and economic effectiveness. It is not clear whether the costs of using MIGS and
MIBS are outweighed by the reduced number of medication and further intervention [143].
Cost-utility analysis using Markov model over lifetime horizon showed that iStent inject
combined with cataract surgery is a cost-effective option for the treatment of patients
with early to moderate glaucoma from the Italian NHS perspective [144]. MIGS may offer
the advantage of a less rigorous follow up and post-op treatment regimen compared to
bleb-forming procedures and some (Hydrus microstent, iStent inject) confer better IOP
lowering and no or reduced medication need in early to moderate glaucoma compared to
cataract surgery alone.

Finally, identifying issues for poor adherence and addressing them in individual
patient care using clear communication is critical [145]. A multifaceted approach including
education, reminders, a regimen, and instillation techniques seems to work better in
aiding adherence [65,72]. Future studies should focus on clinically important outcomes
(e.g., VF progression), quality of life as well as the costs of intervention with longer post-
interventional follow up.
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Abstract: Purpose: To examine the physicochemical properties of five preservative-free (PF) 0.005%
latanoprost ophthalmic products; Monoprost®, Latanest®, Gaap Ofteno®, Xalmono®, and Xaloptic®

Free. Furthermore, the study investigated the mucin production and cell survival of primary cultured
human conjunctival goblet cells when treated with PF eye drops. Method: The pH value, osmolality,
and surface tension were examined. Cell survival was analyzed using lactate dehydrogenase and
tetrazolium dye colorimetric assays. Mucin production was analyzed with immunohistochemical staining.
Results: Monoprost® (pH value 6.84 ± 0.032) had a pH value closest to the pH value of tear fluid
(pH value 7.4–7.6), whereas Gaap Ofteno® (pH value 6.34 ± 0.004) and Latanest® (pH value 6.33 ± 0.003)
had the lowest pH values. Gaap Ofteno® (325.9 ± 2.9 mosmol/kg) showed iso-osmolar probabilities,
whereas the other products were hypo-osmolar. Gaap Ofteno® (60.31 ± 0.35 mN/m) had a higher
surface tension compared to the tear fluid (40 to 46 mN/m), as described in the literature. No
significant differences in goblet cell survival or mucin release were observed between the treatments
and control. Conclusion: Significant differences in pH value, osmolality, and surface tension were
observed. However, this did not affect the viability of the goblet cells or the release of mucin. Clinical
studies are required to evaluate the long-term effects of use on efficacy and safety.

Keywords: latanoprost; preservative-free (PF); pH value; osmolality; surface tension; goblet cells;
cell viability; tear film

1. Introduction

Glaucoma is one of the leading causes of blindness worldwide, with an overall global
prevalence of 3.54% (95%CI 2.09–5.82) in patients aged 40–80 years [1]. Elevated intraocular
pressure (IOP) is a recognized risk factor in the development of glaucoma, and lifelong
treatment is essential to prevent the progression of the disease [2–4]. Prostaglandin analog
(PGA) eye drops are often the first choice when prescribing anti-glaucomatous eye drops
because of their well-documented IOP-lowering effect and high tolerability [4].
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Several studies have shown that long-term treatment with preservative-containing
eye drops induces ocular surface inflammation, instability of the tear film, and damage to
the corneal surface [5–7].

The tear film consists of a mucin/aqueous layer and an external lipid layer [8]. Mucin
is produced by the conjunctival goblet cells. Goblet cells are essential for obtaining a stable
tear film, as well as protecting and lubricating the ocular surface [8–10].

Various clinical, animal, and cellular studies document the finding that preservative
agents, such as benzalkonium chloride (BAK), harm the ocular tissue and induce an
inflammatory response [11–14].

Prostaglandins are lipophilic molecules and, thus, demand a solubilizing agent that is
compatible with the tear film [15]. Besides the solution’s antibacterial properties, preser-
vative agents such as BAK solubilize the ophthalmic solution. If preservative agents are
removed from an ophthalmic solution, they should be replaced with other solubilizing
or stabilizing agents. In 2012, a preservative-free (PF) 0.005% latanoprost ophthalmic
solution with Macrogol glycerol hydroxy stearate 40 (MGH40) as a solubilizing agent
was developed, patented, and marketed by Laboratoires Théa (Clermont-Ferrand, France)
(Monoprost®) [16]. PF formulations can be dispensed as single-dose units or multidose
bottles. To prevent contamination of the formulations with a water content above 20%
(w/w), multidose containers have incorporated systems, such as filters or two-layer bottles,
to protect against contamination. Pharmaceutical companies have patented multi-dose bot-
tles, e.g., ABAK® and EASYGRIP®, developed by Laboratoires Théa, Novelia®, developed
by Nemerand (La Verpillière, France), and the 3K® pump/COMOD® device developed by
Ursapharm (Saarbrücken, Germany) [17–19].

The European Medicines Agency (EMA, Amsterdam, The Netherlands) requires the
active drug used in generics to be identical to the original preparation, with the same con-
centration, indication, route of administration, and bioavailability. However, the excipients
may differ from the original preparation, and generics are not tested with the same efficacy
and safety studies as the original products [20,21]. Differences in the physicochemical
properties of preserved PGA eye drops have been identified [22,23], but little is known
about the differences among PF PGA eye drops and their effect on the ocular surface, cells,
and tissue.

In this pre-clinical study, five PF 0.005% latanoprost eye drops were investigated in
terms of their chemical and physical properties: the pH value, osmolality, and surface
tension. As a proxy for the eye drops’ effect on the viability of human conjunctival goblet
cells, lactate dehydrogenase (LDH) and tetrazolium dye (MTT) colorimetric assays were
conducted on cultured human conjunctival goblet cells. The presence of mucin in the goblet
cells was evaluated with immunohistochemical staining.

2. Materials and Methods

2.1. Materials and Reagents

We used the same methods as previously described by Müllerts et al. and Hende-
gran et al. [24,25]. The following 0.005% (w/v) PF latanoprost products were included:
Monoprost® (Laboratoires Théa—France), Latanest® (Esteve—Spain), Gaap Ofteno® (Lab-
oratorios SOPHIA—Mexico), Xalmono® (Rockmed—Belgium) and Xaloptic® Free (Pol-
pharma, Poland)

In brief, human goblet cells from donors were cultured in Roswell Park Memorial
Institute (RPMI) media 1640 1x (32404-014; Gibco, Life Technologies, Waltham, MA, USA)
with 10% fetal bovine serum (FBS) (10270-106; Gibco, Life Technologies, Waltham, MA,
USA) and 1% of the following mentioned solutions: penicillin/streptomycin (15140-122;
Gibco, Life Technologies, Waltham, MA, USA), non-essential amino acid (NEAA) solution
(M7145; Sigma-Aldrich, St. Louis, MO, USA), 1 M HEPES (15630-080; Gibco, Life Technolo-
gies, Waltham, MA, USA), L-glutamine (25030-024; Gibco, Life Technologies, Waltham, MA,
USA) and sodium pyruvate (11360-039; Gibco, Life Technologies, Waltham, MA, USA).
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When performing LDH and MTT assays, phosphate-buffered saline (PBS) was pre-
pared with 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and 1.8 mM KH2PO4 with a
pH value of 7.4, adjusted with either 1 M HCl or 1 M NaOH. Then, 1 M EDTA (E5134;
Sigma-Aldrich, St. Louis, MO, USA) in PBS, 0.48 mM versene (15040-033; Gibco, Life
Technologies, Waltham, MA, USA), and trypsin (T4799; Sigma-Aldrich, St. Louis, MO,
USA) were used when trypsinizing the goblet cells. An LDH cytotoxicity detection kit from
Takara BIO, Kusatsu Shiga, Japan (MK401) was utilized, and the MTT assay was performed
using 12.5 mM thiazolyl blue tetrazolium bromide (M5655; Sigma-Aldrich, St. Louis, MO,
USA) in PBS.

For immunohistochemical staining, 4% (w/v) of paraformaldehyde in PBS (provided
by the RegionH pharmacy) was used to fixate the cells. PBS, Triton-X (1001325622; Sigma-
Aldrich, St. Louis, MO, USA), bovine serum albumin (ab181831; Sigma-Aldrich, St. Louis,
MO, USA), and saponin from Quillaja Bark (1001658552; Sigma-Aldrich, St. Louis, MO,
USA) were used for immunohistochemical staining with the primary antibodies, Cytok-
eratin7 (ab181831; Abcam, Cambridge, UK) and monoclonal anti-human gastric mucin
(M5293; Sigma-Aldrich, St. Louis, MO, USA). The secondary antibodies used were Alexa488
(A11034; Gibco, Life Technologies, Waltham, MA, USA), Texas red (T862; Gibco, Life Tech-
nologies, Waltham, MA, USA), and DAPI (D3571; Invitrogen, Waltham, MA, USA).

2.2. Physicochemical Characterization

The osmolality and pH values were measured in triplicate for both diluted and undi-
luted eye drops. The eye drops were diluted at 1:7 (v/v) in RPMI media. The pH value
was measured at room temperature using a calibrated 744 pH meter (Metrohm; Nordic
ApS, Herisau, Switzerland), and the freezing point depression (Osmomat 3000; Gonotec,
Berlin, Germany) measured the osmolality. The Wilhelmy method was used to detect the
surface tension with a force tensiometer, K-100c (Krüss GmbH, Hamburg, Germany), and
the Laboratory Desktop software, version 3.2.2.3068 (Laboratory Desktop, Krüss GmbH).
The measurements were performed in triplicate with the undiluted products at room
temperature and with a standard deviation of less than 0.1 mN/m.

2.3. Human Conjunctival Goblet Cell Cultivation

With approval from the Danish National Committee on Health Research (H-17007902)
and the Norwegian Regional Committees for Medical and Health Research Ethics (REK:
2013/803), the conjunctiva from post-mortem human donors was cultivated to generate
primary goblet cell cultures. Conjunctiva pieces were incubated for 14 days at 37 ◦C and
5% CO2. Media was added to the cultures every day for the first three days and, thereafter,
was changed every other day. To keep the purified cell cultures, microscopy of the cells was
performed before every media change using light microscopy. If any fibroblasts appeared
in the cultures, they were removed manually.

2.4. Cell Survival Analysis

The goblet cells were trypsinized after 14 days of cultivation, counted, and replated
in a 96-well plate with a cell density of 25,000 cells/cm2 for LDH and 50,000 cells/cm2

for the MTT assay. Cells were incubated for an additional four to five days at 37 ◦C and
5% CO2, to ensure adhesion before they were treated for 30 min with eye drops that were
diluted at 1:7 (v/v) in media. After 30 min of treatment, the eye drops were removed,
fresh media was added, and the cells were incubated for various time periods, depending
on the assay performed thereafter. The LDH assay was performed 20 h after treatment
with eye drops. LDH solution was prepared immediately before the experiment, added
to the cells, and incubated at room temperature in the dark for 15–20 min before the stop
solution (10% HCL, v/v) was added. Concerning the MTT assay, 12 mM MTT (w/v) in PBS
was added to the cells, immediately after treatment with the diluted eye drops. The cells
were incubated at 37 ◦C and 5% CO2 for one hour, followed by adding 0.01% (v/v) HCL
in 10% (w/v) SDS, in PBS solution. The cells were then incubated in the dark for 18 h at
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room temperature. A SpectraMax i3X multi-mode microplate reader (Molecular Devices,
San Jose, CA, USA) with an absorbance of 490 nm for LDH and 560 nm for MTT was applied.
To secure the reproducibility of the results, a minimum of three batches from a minimum
of four different donors was required for analysis. For every experiment, a control treated
with only RPMI media was included. The cell survival data was calculated as the mean
percentage change in absorbance, compared to the control ± standard deviation (SD).

2.5. Immunohistochemical Staining

The goblets cells were cultivated on slides and treated with RPMI media or diluted
eye drops 1:7 (v/v) for 30 min at 37 ◦C 5% CO. With the use of paraformaldehyde 4%
(v/v), the slides were fixated and stored at 4 ◦C. The cell membranes of the goblet cells
were permeated using 0.1% v/v Triton X-100 in PBS, and by using 3% (w/v) bovine serum
albumin in PBS, unspecific binding was blocked. The cells were treated with the primary
antibodies Cytokeratin-7 (anti-cytokeratin7, 1:500 v/v) and monoclonal anti-human gastric
mucin (anti-mucin, 1:200 v/v), diluted in 0.25% bovine serum albumin/0.1% saponin in
PBS and washed with PBS thereafter. The fluorescent secondary antibodies, Alexa488
(anti-rabbit, 1:500 v/v) and Texas red (anti-mouse, 1:200 v/v), both diluted in 0.25% bovine
serum albumin/0.1% saponin in PBS, were added. Then, 0.3 μM of DAPI in PBS stained the
nuclei of the goblet cells. Imaging was performed using an Axioskop 2 (Zeiss; Göttingen,
Germany) with an Axio Cam MRm camera (Zeiss; Göttingen, Germany) and an HXP 120
lighting unit (Zeiss; Göttingen, Germany). Image scaling and the merging of pictures were
conducted using ImageJ 1.52q (Wayne Rasband, National Institute of Health, Bethesda,
MD, USA).

2.6. Statistics

The software program, GraphPad Prism 9 (GraphPad Software, San Diego, California
USA), was used for the statistical analyses and graphs. Descriptive statistics and a compar-
ative one-way analysis of variance (ANOVA) were chosen as the statistical analyses for all
data sets. To estimate the differences in cell survival, osmolality, pH value, and surface ten-
sion among the treatments, Tukey’s multiple comparison test was applied. All results were
expressed as mean ± SD, and a p-value of ≤ 0.05 was considered statistically significant.

3. Results

3.1. pH Value

The pH value was examined in both undiluted and diluted products, while the goblet
cell cultures were treated with diluted products (Figure 1). Of the undiluted eye drops
(Figure 1a), Monoprost® had the highest pH value of 6.84 ± 0.032, while Latanest® had
the lowest pH value of 6.33 ± 0.003. The pH value of the remaining eye drops was
6.34 ± 0.004 (Gaap Ofteno®), 6.70 ± 0.003 (Xalmono®), and 6.71 ± 0.000 (Xaloptic® Free).
Significant differences (p ≤ 0.0001) were observed between all eye drops, except between
Latanest® and Gaap Ofteno®, and between Xalmono® and Xaloptic® Free. As presented
in Figure 1b, the pH value of the diluted formulations was 7.62 ± 0.002 (Monoprost®),
6.89 ± 0.007 (Latanest®), 7.34 ± 0.004 (Gaap Ofteno®), 7.34 ± 0.009 (Xalmono®) and
7.37 ± 0.002 (Xaloptic® Free). Significant differences were observed between the eye drops
with p ≤ 0.001 or p ≤ 0.0001. Gaap Ofteno® and Xalmono® were not significantly different.

116



J. Clin. Med. 2022, 11, 3137

Figure 1. The pH value characterization of preservative-free 0.005% latanoprost products
Monoprost®, Latanest®, Gaap Ofteno®, Xalmono®, and Xaloptic® Free: (a) pH value of the undiluted
eye drops; (b) pH value of the diluted eye drops (1:7, v/v). Values are listed as mean ± SD, and
n = 3. A one-way ANOVA with a Tukey multiple-comparison test (p = 0.05) was performed. ns = not
significant, with p ≥ 0.05, *** p ≤ 0.001, **** p ≤ 0.0001.

3.2. Osmolality

The osmolality was examined in both undiluted and diluted products, while the
goblet cell cultures were treated with diluted products (Figure 2). The osmolality of the
undiluted Gaap Ofteno® was 325.9 ± 2.9 mosmol/kg and was significantly higher, com-
pared to the four other products (p ≤ 0.0001) (Figure 2a). The osmolality of the other eye
drops was 275.8 ± 0.7 mosmol/kg (Monoprost®), 278.9 ± 1.3 mosmol/kg (Latanest®),
261.0 ± 1.2 mosmol/kg (Xalmono®) and 261.2 ± 0.3 mosmol/kg (Xaloptic® Free), as vi-
sualized in Figure 2a. There were no significant differences between Monoprost® and
Latanest® or between Xalmono® and Xaloptic Free®.

Figure 2. Osmolality characterization of preservative-free 0.005% latanoprost eye drops Monoprost®,
Latanest®, Gaap Ofteno®, Xalmono® and Xaloptic® Free: (a) osmolality of the undiluted eye drops;
(b) osmolality of the diluted eye drops (1:7, v/v). Values are listed as mean ± SD, and n = 3. A one-
way ANOVA with a Tukey multiple-comparison test (p = 0.05) was performed. ns = not significant
with p ≥ 0.05, ** p ≤ 0.01, **** p ≤ 0.0001.
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Of the diluted eye drops (Figure 2b), Latanest® had the lowest osmolality of
281.9 ± 4.2 mosmol/kg, and Xalmono® had the highest osmolality of 292.7 ± 2.1 mosmol/kg.
Monoprost® had an osmolality of 285.3 ± 2.2 mosmol/kg, Xaloptic® Free, osmolality
of 288.1 ± 3.5 mosmol/kg, and Gaap Ofteno®, osmolality of 288.9 ± 0.5 mosmol/kg
(Figure 2b). Significant differences (p ≤ 0.01) were observed between Latanest® and Xalmono®.

No significant differences were observed among the other eye drops.

3.3. Surface Tension

Gaap Ofteno® demonstrated a surface tension of 60.31 ± 0.35 mN/m, which was
significantly higher compared to the other products (p ≤ 0.0001) (Figure 3). Xalmono® had
the lowest surface tension of 39.00 ± 0.38 mN/m, and was significantly lower compared
to the other products (p ≤ 0.0001). No significant differences were observed between
Monoprost® (42.44 ± 0.75 mN/m) and Xaloptic® Free (42.76 ± 0.36 mN/m), or between
Latanest® (43.15 ± 1.13 mN/m) and Xaloptic® Free.

Figure 3. Surface tension characterization of preservative-free 0.005% latanoprost products; Monoprost®,
Latanest®, Gaap Ofteno®, Xalmono® and Xaloptic® Free. Values are listed as mean ± SD, n = 3. A one-
way ANOVA with a Tukey multiple-comparison test (p = 0.05) were performed. ns = not significant
with p ≥ 0.05, ** p ≤ 0.01, **** p ≤ 0.0001.

3.4. Cell Survival

LDH and MTT analyses were performed on primary cultured human conjunctival
goblet cells treated with diluted PF 0.005% latanoprost products. Cell survival was reported
relative to the control, these being goblet cells treated with RPMI media. According to
the results of the LDH assays, the mean cell survival after treatment with eye drops was
100.70 ± 12.8% (Monoprost®), 98.17 ± 9.4% (Latanest®), 101.40 ± 5.9% (Gaap Ofteno®),
99.36 ± 5.7% (Xalmono®) and 93.66 ± 6.0% (Xaloptic® Free). As seen in Figure 4a, the
LDH assay showed no significant differences in cell survival between treatments. Similar
results were obtained from the MTT analysis, showing no significant differences in cell
survival between the treatments (Figure 4b). The mean cell survival compared to the control
was 86.40 ± 9.1% (Monoprost®), 83.53 ± 9.9% (Latanest®), 89.84 ± 18.2% (Gaap Ofteno®),
89.30 ± 12.7% (Xalmono®), and 89.51 ± 11.0% (Xaloptic® Free).
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Figure 4. Mean cell survival analysis of human conjunctival goblet cells in % ± SD, relative to
control, after 30 min of treatment with preservative-free 0.005% latanoprost eye drops. (a) Cell
survival, examined with the LDH assay; (b) cell survival, examined with the MTT assay. Goblet
cells were treated with diluted (1:7, v/v) preservative-free 0.005% latanoprost products: Monoprost®,
Latanest®, Gaap Ofteno®, Xalmono®, and Xaloptic® Free. A one-way ANOVA with a Tukey multiple-
comparison test was performed (p = 0.05), n ≥ 4; ns = not significant; p ≥ 0.05.

3.5. Immunohistochemical Staining

Immunohistochemical staining was used to visualize the cytoskeleton of the goblet
cells, the nuclei, and mucin, as seen in Figure 5. Goblet cells treated with RPMI media
showed mucin allocated around the nuclei (Figure 5A). Figure 5B–F demonstrated a similar
pattern, showing mucin allocated near the nuclei when the cell cultures were treated
with diluted PF 0.005% latanoprost eye drops: Monoprost®, Latanest®, Gaap Ofteno®,
Xalmono®, and Xaloptic® Free.

Figure 5. Cont.
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Figure 5. Immunohistochemical staining of human goblet cells, visualizing the cytoskeleton (column
1: Cytokeratin-7, green), mucin (column 2: mucin, red), the nucleus (column 3: DAPI, blue), and
merged stainings (column 4: cytokeratin-7 (green), mucin (red) and DAPI (blue)). Cells were
treated with diluted (1:7, v/v) 0.005% latanoprost preservative-free products. (A): RPMI media,
(B): Monoprost ®, (C): Latanest®, (D): Gaap Ofteno®, (E): Xalmono®, and (F): Xaloptic® Free. n = 3.

4. Discussion

Anti-glaucomatous treatment is lifelong, and the importance of minimizing adverse
effects is crucial to increasing patients’ adherence to the treatment regimen and for health-
related quality of life [26]. Glaucoma patients experience side effects from the treatment,
such as dry eye disease (DED), a foreign-body sensation, and a stinging or burning sensa-
tion in the eye [27]. The cause of DED is either reduced lacrimation or increased evaporation
from the ocular surface. Changes in the ocular surface may lead to a hyperosmolar condi-
tion, which is a recognized risk factor for inducing proinflammatory stress [8,28,29]. The
instability of the tear film can cause ocular discomfort or irritation, while pH value, osmo-
lality, and surface tension all play a role in achieving a healthy ocular surface. The current
study revealed significant differences in the physicochemical properties of pH value, osmo-
lality, and surface tension. Some of the variations may be due to the product formulation,
as Monoprost®, Xaloptic® Free, and Xalmono® were dispensed from single-dose units,
whereas Gaap Ofteno® and Latanest® were dispensed from multi-dose bottles. Osmolality,
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pH value, and surface tension may vary due to variations in the solvents or stabilizers
caused by the removal of preservatives. The physicochemical properties of the undiluted
eye drops illustrated the properties of the eye drops immediately after application to the
ocular surface in patients.

The pH value of tear fluid is 7.4–7.6 [30–32]. To optimize ocular comfort, the
pH value of the ophthalmic formulations should match the tear film or at least be in
the ocular range of 6.6–7.8, as an acidic or alkaline pH value induces lacrimation, ocular
pain, and discomfort [23,32]. In this study, we found that Latanest® (pH value 6.33 ± 0.003)
and Gaap Ofteno® (pH value 6.34 ± 0.004) were acidic, with pH values below the ocular
range. The remaining three products, Monoprost® (pH value 6.84 ± 0.032), Xalmono®

(6.70 ± 0.003), and Xaloptic® Free (6.71 ± 0.000), had pH values within the ocular range,
with Monoprost® closest to the pH value of the tear film. An acidic pH value may cause
side effects, such as ocular discomfort and increased lacrimation upon instillation, whereas
a pH within the recommended range should not provide any discomfort related to the
pH value. When the products were diluted with RPMI media, the pH values of all products
were within the recommended pH range. Our findings imply that it would be of great
interest to investigate the pH value of PF PGA products upon dilution with tear fluid in
patients, to elucidate if differences in pH value may cause prolonged ocular discomfort.

The osmolality of the tear fluid varies from 310 to 350 mosmol/kg [31]. All products
except Gaap Ofteno® (325.9 ± 2.9 mosmol/kg) were hypo-osmolar, compared to the tear
fluid. As previously mentioned, a hyperosmolar tear film is related to ocular irritation
and DED. Based on our findings, the osmolality of the tested products should not be of
particular concern, as they demonstrated iso- or hypo-osmolar properties.

The surface tension of the tear fluid varies from 40 to 46 mN/m and ensures a stable
tear film and tear film break-up time [33,34]. Furthermore, the surface tension influences
the eye drops’ ability to spread and adhere to the cornea, once applied [34]. We found that
Monoprost® (42.44 ± 0.75 mN/m), Xaloptic® Free (42.76 ± 0.36 mN/m), and Latanest®

(43.15 ± 1.13 mN/m) had a surface tension in the physiological range of the tear fluid.
Gaap Ofteno® (60.31 ± 0.35 mN/m) had a surface tension well above the physiological
range, while Xalmono® had a surface tension just below 40 (39.0 ± 0.38 mN/m). Surface
tension exceeding the physiological range may cause instability of the tear film and is
associated with dry eyes [34]. In addition, higher surface tension will increase the drop
volume released from the bottle [35]. The drop volume will also affect the amount of
latanoprost released [23]. A greater drop volume will increase the washout and may result
in less uptake of latanoprost and reduced efficacy in terms of lowering IOP. Thus, increased
surface tension in ophthalmic solutions may lead to both the ocular adverse effects caused
by a destabilized tear film and potentially reduce the efficacy of the eye drops.

Keeping goblet cells unharmed and unstressed is essential for maintaining a stable tear
film for a healthy ocular surface [9,10]. Diluted PF 0.005% latanoprost eye drops showed
no negative effects on either cell survival or mucin release after treatment, according to
the LDH assay, MTT assay, and immunohistochemical staining. Other studies have inves-
tigated the differences between preserved and preservative-free PGAs. Treatment with
PF tafluprost showed reduced pro-apoptotic and pro-oxidative stress in a conjunctival
epithelial cell line, compared to preserved PGAs [36]. In patients, the goblet cell density
was significantly increased after six months of treatment with PF tafluprost, compared
to the baseline. In comparison, patients treated with preserved tafluprost showed in-
creased goblet cell density after one month of treatment, but no significant long-term effects
were reported [37].

As previously mentioned, it is of great interest to minimize the adverse effects of
treatment, since glaucoma is a chronic condition. A frequently reported side effect of
PGAs is conjunctival hyperemia [38,39]. PF PGAs, e.g., Monoprost® and Gaap Ofteno®,
have previously been examined and compared to preserved PGAs. A meta-analysis of
21 studies found that conjunctival hyperemia was significantly reduced in Monoprost® com-
pared to preserved PGAs, with no significant differences in IOP between treatments [40].
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In addition, Rouland et al. showed noninferiority in IOP efficacy and a significantly re-
duced conjunctival hyperemia after treatment with Monoprost®, compared to treatment
with Xalatan® [41].

Gonzales et al. compared the stability, efficacy, and adverse effects of Gaap Ofteno®

with the preserved brand product, Xalatan® [42]. As Gaap Ofteno® is dispensed from
a multidose bottle, the stability of the drug was also examined. The study showed that
the two products were comparable in terms of IOP reduction and safety, evaluated as
conjunctival hyperemia, with a similar prevalence of 11.3% (Gaap Ofteno®) and 11.9%
(Xalatan®). The above-mentioned studies support our findings that PF 0.005% latanoprost
products are non-toxic to human conjunctival goblet cells under experimental conditions.

When patients instill ophthalmic solutions in the eye, the tear film dilutes the oph-
thalmic solutions and only 1–7% of the instilled drug reaches the aqueous humor [43]. We
chose to treat goblet cell cultures with diluted eye drops at a constant concentration for
30 min. In patients, the tear film dilutes the eye drops gradually upon administration,
with a reduced expected exposure time (less than 30 min) as the fluid turnover rate of
the conjunctival cul-de-sac in the eye is 0.5–2.2 μL/min. With this turnover rate, the drug
remains in the conjunctival cul-de-sac for approximately 3–5 min [43]. The RPMI media
used in this study was not identical to the tear film and will have different capacities, for
instance, in buffering. Therefore, the physicochemical properties of eye drops diluted with
tear film may affect the goblet cells in other ways than those identified in this study.

The in vitro model used in this study has some limitations since it cannot be directly
compared to the conditions in patients. We did not quantify the amount of mucin released
from goblet cells; the immunohistochemical staining that was performed only detected
the presence of mucin. In addition, we did not evaluate the long-term effects of treating
human conjunctival goblet cells with PF products. Thus, clinical trials would be desirable
to examine whether the physicochemical differences addressed in this study may influence
the long-term efficacy and safety profile of PF eye drops.

5. Conclusions

In conclusion, this study identified significant differences in pH value, osmolality,
and surface tension among five PF 0.005% latanoprost products. The variations in physic-
ochemical properties, such as acidic pH values or high surface tension, may potentially
destabilize the tear film and reduce the tolerability of eye drops on the ocular surface.
However, the variations in the physicochemical properties of the PF eye drops had no
negative effects on either cell survival or mucin release. Since the efficacy was not examined
in this in vitro experiment, clinical studies would be of great interest in elucidating the
potential differences among PF PGA treatments, in terms of efficacy, tolerability, and the
side effects related to long-term treatment with PF 0.005% latanoprost products.
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Abstract: Background: To evaluate whether short-term use of topical steroid therapy affected the
efficacy of selective laser trabeculoplasty (SLT) for primary open-glaucoma (POAG). Methods: 25 eyes
of 25 patients, who used a drop of dexamethasone 0.1% 4 times a day for 7 days as post-laser therapy,
formed the Steroid SLT group and 24 eyes of 24 patients, where no topical steroids or nonsteroidal
anti-inflammatory agents as post-laser therapy were used, formed the No-steroid SLT group. Success
was defined as an intraocular pressure (IOP) lowering exceeding 20% of pretreatment IOP. Results:
The mean follow-up time was 21.24 months for the Steroid SLT group and 20.25 months for the
No-steroid SLT group (p = 0.990). No significant difference was found between the two groups for
mean pretreatment IOP (22.20 mmHg vs. 22.33 mmHg), and for mean IOP reductions during whole
follow-up period. At all follow-up visits, the mean IOP reductions were smaller in the Steroid SLT
group than in the No-steroid SLT group. At all follow-up visits, the mean percent IOP reduction
was smaller in the Steroid SLT group than in the No-steroid SLT group, and such a difference was
significant at 12 months (25.4% vs. 29.6%, p = 0.047) and 24 months (25.3% vs. 29.7%, p = 0.024).
According to the Kaplan–Meier survival analysis, the 24-month success rate was 84% in the Steroid
SLT group and 79.2% in the No-steroid SLT group, with no differences between the groups (p = 0.675).
Conclusion: Short-term use of topical steroid therapy had no impact on the efficacy of SLT for POAG.

Keywords: selective laser trabeculoplasty; topical steroid therapy; primary open-angle glaucoma;
intraocular pressure

1. Introduction

Selective laser trabeculoplasty (SLT), used since 1998 when the first successful protocol
was described, has become an established method for lowering the intraocular pressure
(IOP) in the treatment of open-angle glaucoma (OAG) and ocular hypertension (OH) [1–5].
Multiple prospective or retrospective studies clear demonstrated the safety and efficacy
of SLT in reducing the IOP in eyes with OAG or OH [6–17]. Therefore, topical medical
treatment and SLT are stated as initial, first line treatment options, and SLT is also an
adjunctive treatment option in the treatment for OAG or OH in the latest 5th edition of
Terminology and Guidelines for Glaucoma from the European Glaucoma Society [18].

Anti-inflammatory topical medication four times a day for 7 days after SLT treatment
is described in many studies, although there is little evidence to support this [1,6–14].
Symptomatic or asymptomatic anterior chamber inflammation after SLT may occur, but
usually resolves without treatment [1,5,19–23]. Treatment with topical steroids or non-
steroidal anti-inflammatory agents after SLT in most reports has not shown to cause a
significant reduction in inflammation or improved efficacy, but it still remains a controversy
in clinical practice [20–25].

This retrospective chart review evaluates whether short-term use of topical steroid
therapy affected the efficacy of SLT for primary open-glaucoma (POAG) patients.

J. Clin. Med. 2021, 10, 4249. https://doi.org/10.3390/jcm10184249 https://www.mdpi.com/journal/jcm
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2. Materials and Methods

The patients selected for this retrospective chart review were recruited from the
glaucoma unit of the Department of Ophthalmology, University Clinical Centre Maribor,
Slovenia. All the eyes of the patients had POAG with uncontrolled IOP (>18 mmHg) on
uppermost tolerated topical antiglaucoma medication and were treated with 180 degrees
SLT. In the study we included consecutive patients, between January and December 2004,
who used a drop of dexamethasone 0.1% four times a day for 7 days as post-laser therapy
and they formed the Steroid SLT group. In the study we also included consecutive patients,
between January and December 2014, where no topical steroids or nonsteroidal anti-
inflammatory agents as post-laser therapy were used and they formed the No-steroid
SLT group. We included patients of both genders, older than 50 years. Data such as age,
sex, past and present ocular medication and ocular history were recorded. Exclusion
criterion included a history of previous ocular surgery within 6 months, any previous
glaucoma surgery, eye trauma, glaucoma laser therapy or uveitis to the study eye and
any other form of glaucoma aside from POAG, such as normal-pressure glaucoma (NTG),
pseudoexfoliative glaucoma (PXFG), or ocular hypertension (OH). Hazards, advantages,
and substitutes of SLT treatment for POAG were explained to every patient and informed
consent was obtained. Thus 43 eyes of 25 patients (18 bilateral) formed the Steroid SLT
group and 41 eyes of 24 patients (17 bilateral) formed the No-steroid SLT group. There was
just one eye per patient incorporated in every bilateral case in the study. The selection of
eyes was random using a random numbers table, where the right eye was combined with
even numbers and the left eye with odd numbers. The data of best corrected visual acuity,
results of slit lamp examination, ophthalmoscopy, automated static perimetry (Swedish
Interactive Threshold Algorithm [SITA] standard 30-2 program of the Humphrey Field
Analyzer), and gonioscopy were collected. Trabecular meshwork pigmentation was graded
according to a standard scale (graded from 0 to 4+ where 0 = no pigment and 4+ = dense
homogeneous pigment). The IOP was measured with a Goldmann applanation tonometer.
The baseline IOP presented the mean of three times measured preoperative IOPs in the
3 weeks prior to SLT treatment. One hour prior to SLT treatment IOP was measured and
one drop of 0.5% apraclonidine was applied in the treated eye. The trabecular meshwork of
every eye was treated with 50 adjacent but not overlapping spots in the inferior 180 degrees
with a 532 nm frequency doubled Q-switched Nd:YAG laser (Selecta 7000; Coherent, Palo
Alto, CA, USA). The same laser was used for all the procedures done in the year 2004 and
also in the year 2014. The pulse duration was 3 ns with a single pulse and the spot size
was 400 microns. The SLT treatment started using energy of 0.8 mJ, which was increased
or decreased until only intermittent cavitation bubbles formation appeared. After SLT
treatment, a drop of 0.5% apraclonidine and 0.1% dexamethasone were applied in the
treated eye. All SLTs were performed by the same glaucoma specialist (G.T.) All the eyes
underwent a slit lamp examination and applanation tonometry 1 h post-laser to assess
the anterior chamber reaction and IOP spikes. Patients were evaluated 1, 3, 6, 12, 18, and
24 months after treatment. A failure was defined as any eye with IOP lowering less than
20% from baseline IOP 1 month post-laser. Hypotensive antiglaucoma medical therapy
was not modified during study period. When any eye required either an alteration of
hypotensive medical therapy, and thus failed to respond to SLT, that eye was excluded from
further analysis at that point. Independent sample t tests were used in statistical analyses
of comparing the groups. Significant p values were considered to be less than 0.05. All
tests were performed two-tailed. Because of the variability in length of follow-up among
patients, Kaplan–Maier life-table (survival) analysis was used to estimate the success rates
for the groups. The two survival curves (success rates) were compared using the log-rank
test. Statistical analysis was carried out with IBM SPSS Statistics version 22.0 for Windows.

3. Results

In the Steroid SLT group were 25 eyes of 25 patients, and in the No-steroid SLT
group were 24 eyes of 24 patients. The baseline characteristics including number of
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patients, number of eyes, age, sex, vertical Cup/Disc ratio, mean deviation, number of
hypotensive medications, best corrected visual acuity, trabecular meshwork pigmentation,
and mean baseline IOP of the Steroid SLT group and the No-steroid SLT group are listed in
Table 1. The mean pretreatment IOP in the Steroid SLT group was 22.20 mmHg (SD 2.5)
and 22.33 mmHg (SD 2.6) in the No-steroid SLT group (p = 0.856). The differences between
those baseline characteristics were statistically not significant, except the difference between
mean energy used for each spot (p < 0.001) and total energy used (p < 0.001), which were
higher in the No-steroid SLT group.

Table 1. Baseline characteristics—all patients.

Steroid SLT Group No-Steroid SLT Group p

Patients (No) 25 24 0.911

Eyes (No) 25 24 0.911

Mean age (years) (SD) 70.44 (8.6) 67.00 (12.0) 0.255

Sex: Male 12 12

Female 13 12 0.855

Vertical Cup/Disc Ratio (mean) (SD) 0.75 (0.3) 0.85 (0.2) 0.173

Mean Deviation (mean) (dB) (SD) −9.22 (1.3) −10.33 (1.4) 0.754

Hypotensive medication (mean) (SD) 2.4 (0.7) 2.3 (0.5) 0.875

Best corrected visual acuity (SD) 0.78 (0.3) 0.71 (0.4) 0.413

Trabecular meshwork pigmentation (mean) (SD) 1.92 (0.8) 2.17 (0.8) 0.265

Mean energy/spot (mJ) (SD) 0.76 (0.2) 1.25 (0.1) <0.001

Total energy (mJ) (SD) 37.63 (19.1) 70.96 (13.8) <0.001

Mean baseline IOP (mmHg) (SD) 22.20 (2.5) 22.33 (2.6) 0.856

No—Number; (SD)—Standard deviation; p—Independent sample t test; SLT—selective laser trabeculoplasty.

Treatment with SLT was conducted in all eyes with adjacent 50 spots in the inferior
180 degrees of the trabecular meshwork. The mean energy used for each spot was in the
Steroid SLT group 0.76 mJ (SD 0.2) and 1.25 mJ (SD 0.1) in the No-steroid SLT group; the
difference was statistically significant (p < 0.001). The total energy used was in the Steroid
SLT group 37.63 mJ (SD 10.1) and 70.96 mJ (SD 13.8) in the No-steroid SLT group; the
difference was statistically significant (p < 0.001).

Ophthalmic Nd:YAG laser is a solid-state laser and is pumped by a pulsed flashlamp.
The lifetime of the Nd:YAG laser can last for 10 or more years. The limiting component,
the one that needs to be replaced occasionally, is the flashlamp. Over the working years of
the Nd:YAG laser, the function of the pulsed flashlamp slowly diminishes, so to achieve
the desired laser effect, the energy of the laser spot must be increased. In our study, the
same laser was used for all the procedures done in the year 2004 and also in the year 2014.
The treatment protocol of the trabecular meshwork of every eye in our study was the same,
the energy of the laser spot was set at the level of the appearance of intermittent cavitation
formation. This explains the significant difference between mean energy used for each
spot and total energy used, which were higher in the No-steroid SLT group treated in the
year 2014.

Hypotensive antiglaucoma medical therapy in both groups was not modified during
whole study period.

The mean follow-up time was for the Steroid SLT group 21.24 (SD 7.0) months and
for the No-steroid SLT group 20.25 (SD 7.6) months; the difference was statistically not
significant (p = 0.990).

The mean IOPs, mean IOP reduction and mean percent IOP reduction from baseline
IOP 1, 3, 6, 12, 18 and 24 months after treatment for the Steroid SLT group and the No-
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steroid SLT group are listed in Table 2. The differences in the mean IOPs and the mean
IOP reductions at different time intervals following SLT between the two groups were
statistically not significant (p > 0.05). At all follow-up visits, the mean IOP reduction was
smaller in the Steroid SLT group than in the No-steroid SLT group.

At all follow-up visits, the mean percent IOP reduction was smaller in the Steroid SLT
group than in the No-steroid SLT group, and such a difference was statistically significant
at 12 months (25.4% (SD 4.8) vs. 29.6% (SD 8.2) (p = 0.047)), and 24 months (25.3% (SD 5.5)
vs. 29.7% (SD 6.5) (p = 0.024)).

In the Steroid SLT group, 4 eyes failed to respond to SLT (3 eyes after 3 months and
1 eye after 18 months), and in the No-steroid SLT group 5 eyes failed to respond to SLT
(2 eyes after 3 months, 2 eyes after 6 months and 1 eye after 12 months). The success rate
after 24 months determined from Kaplan–Meier life-table (survival) analysis was 84% in
the Steroid SLT group and 79.2% in the No-steroid SLT group. By the comparison of the two
survival curves (success rates) with the log-rank test there was no statistically significant
difference (p = 0.675) between the groups (Figure 1).

Figure 1. Kaplan–Meier survival analysis for the Steroid SLT group (group1) and the No-steroid SLT
group (group 2).

After SLT there was no significant anterior segment inflammation or a transient
increase in IOP in any of the treated eyes detected. No patient suffered any pain or
inconvenience whilst they were treated.
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4. Discussion

SLT is a laser procedure that selectively targets pigmented trabecular meshwork cells
without causing thermal damage or collateral damage to nonpigmented cells or struc-
tures [26–30]. A 532 nm Q-switched frequency doubled Nd:YAG laser with a fixed spot
size of 400 microns and pulse duration of 3 nanoseconds is used for SLT. The power range
for treatment using currently available laser platforms is 0.3 to 2.0 mJ. The exact mecha-
nism of action of reducing the IOP in this procedure is not completely understood and
is likely multifactorial. The demonstrable clinical efficacy of SLT, despite the absence of
coagulation of the trabecular meshwork suggests that laser trabeculoplasty works on the
cellular level either through migration and phagocytosis of trabecular meshwork debris
by the macrophages, or by stimulation of formation of healthy trabecular tissue, which
may enhance the outflow properties of the trabecular meshwork [31]. Alvorado et al.
has observed a five to eight fold increase in the number of monocytes and macrophages
present in the trabecular meshwork of monkey eyes treated with SLT as compared with
untreated controls [32]. They theorized that injury to the pigmented trabecular meshwork
cells after SLT results in the release of factors and chemoatractants, which recruit mono-
cytes which are activated and transformed into macrophages upon interacting with the
injured tissues. These macrophages then engulf and clear the pigment granules from the
trabecular meshwork tissues and exit the eye to return to the circulation via the Schlemm’s
canal [32]. The biological theory of SLT action implies a cascade of events (interleukins-1,
tumor necrosis factor-a, matrix metalloproteinases, recruitment and increase in number of
macrophages) triggered by the laser that causes the remodeling of the extracellular matrix
in the non-treated areas of TM, so this remodeling presumably decreases the outflow
resistance and hence decreases IOP [33–39]. All these events have been postulated to play
a role in the IOP lowering effect of SLT. Short-term anti-inflammatory topical medication
is commonly prescribed post SLT to ease early inflammation. Because of the proposed
mechanism of action of SLT including production of pro-inflammatory cytokines, the
potential counterproductive nature of prescribing topical anti-inflammatory medication
has been considered.

Realini et al., in their prospective, randomized study, evaluated 25 POAG patients
following bilateral 360◦ SLT, who in one randomly selected eye (25 eyes) used prednisolone
acetate 1% 4 times daily for 1 week; the other eye (25 eyes) did not receive any anti-
inflammatory treatment [20]. No significant difference in IOP-lowering effect was found
between groups after a follow-up of 3 months [20].

Jinapriya et al., in their randomized, double-masked, placebo-controlled clinical trial,
evaluated 125 patients with POAG or PXFG, 46 eyes treated with prednisolone acetate 1%,
41 eyes with ketorolac tromethamine 0.5%, or 38 eyes with placebo 4 times per day for
5 days after 180◦ SLT [21]. No significant difference in IOP-lowering effect was observed
among the groups up to 1 year after treatment [21].

De Keyser et al., in their prospective, randomized clinical trial, evaluated 66 patients
with either POAG, NTG, or OH following bilateral 360◦ SLT, who in one eye used in-
domethacin 0.1% (35 eyes) or dexamethasone 0.1% (31 eyes) three times daily for 1 week;
the other eye did not receive any anti-inflammatory treatment [23]. No significant differ-
ence in anterior chamber reaction, conjunctival redness, reported pain, or IOP-lowering
effect between groups after all time points with a follow-up of 6 months was found [23].

Groth et al., in their randomized, double-masked, placebo-controlled clinical trial,
evaluated 96 eyes with either POAG (72 eyes), PXFG (4 eyes), or OHT (20 eyes) following
180◦ SLT (34 eyes), 270◦ SLT (11 eyes), or 360◦ SLT (50 eyes) [24]. Of these, 28 eyes (20
POAG, 8 OHT) were treated with ketorolac 0.5%, 37 eyes (28 POAG, 3 PXFG, 6 OHT) with
prednisolone 1%, or 31 eyes (24 POAG, 1 PXFG, 6 OHT) with placebo four times per day
for 5 days after SLT [24]. No significant difference in IOP decrease among groups was
observed at week 6 of follow-up; both the nonsteroidal anti-inflammatory drug and steroid
groups showed a significantly greater decrease in IOP at week 12 of follow-up compared
with the placebo group [24].
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Thrane et al., in their randomized, placebo-controlled clinical trial, evaluated 39 eyes
with either POAG (10 eyes), PXFG (8 eyes), OHT (8 eyes), or NTG (13 eyes) following 360◦
SLT [25]. Of these, 19 eyes (6 POAG, 4 PXFG, 3 OHT, 6 NTG) were treated with diclofenac
0.1%, and 20 eyes with placebo (4 POAG, 4 PXFG, 5 OHT, 7 NTG) 4 times per day for
5 days after SLT [25]. No significant difference in IOP-lowering effect was observed among
the groups after a follow-up of 6 months [25].

In the first SLT surgical technique protocol described by Latina et al. the use of short-
term topical steroid therapy fourtimes a day for 7 days as postoperative management after
SLT was postulated [1]. Most of the published studies until 2006 followed the prescribed
operative SLT protocol, including our reports [1,6–14,19]. The mechanism by which SLT
lowers IOP was investigated by many studies [26–37]. According to these findings, the
short-term topical anti-inflammatory therapy after SLT became questionable. In many later
studies the use of the short-term topical anti-inflammatory therapy after SLT was given
on, including ours [15–17]. Therefore, we decided to evaluate whether short-term use of
topical steroid therapy after SLT affected the efficacy of SLT in a retrospective chart review,
in which we included POAG patients treated 2004, who were using short-term topical
steroid therapy after SLT and compared the results with POAG patients treated 2014, who
received no topical steroids or nonsteroidal anti-inflammatory agents after SLT.

In our retrospective chart review we evaluated 49 eyes with POAG following 180◦
SLT. Of these, 25 eyes were treated with dexamethasone 0.1% four times per day for 7 days
after SLT and 24 eyes did not receive any topical steroids or nonsteroidal anti-inflammatory
agents after SLT. No significant difference was found between the two groups in IOP
reductions during whole follow-up period, with a follow-up of 24 months. Moreover, no
significant difference was found between the two groups in success rate after a follow-up
of 24 months. Short-term use of topical steroid therapy in our study had no impact on the
efficacy of SLT for POAG.

Because of differences in age, gender, ocular history, type of antiglaucoma medica-
tions, amount of glaucomatous optic neuropathy, SLT treatment parameters, amount of
included eyes, follow-up time, assessment of IOP reduction, study design, assessment,
and statistical analysis of the results, a comparison of the mentioned studies is difficult
and its possibility limited. The results of our study, where we evaluated whether short-
term use of topical steroid therapy affected the efficacy of SLT for POAG, are similar to
those previously reported [20–24]. The follow-up in our study was 24 months, therefore
longer than in reported studies, where the follow-up was 3 to 12 months [20–24]. As in
other published studies, our study with longer follow-up found the use of short-term
topical anti-inflammatory medication after SLT for POAG makes no difference [20–24].
We also conclude that the IOP reduction is not influenced by the use of short-term topical
anti-inflammatory medication after SLT.

No consensus statement exists regarding the postoperative management of patients
after SLT. Larger additional long-term outcome studies that include a variety of glau-
coma subtypes and different surgical techniques may be necessary to further investigate
this issue.
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Abstract: Recent advances in ocular aberrometry have revealed that ocular surgery increases ocular
and corneal higher-order aberrations. This retrospective single-center study aimed to examine the
effects of the overhanging bleb on corneal higher-order aberrations using a wavefront analyzer.
We included 61 eyes from 50 patients with overhanging bleb after trabeculectomy with a fornix-
based conjunctival flap using mitomycin C (overhanging bleb group) and 65 eyes from 54 glaucoma
patients with no history of glaucoma surgery (control group). Corneal higher-order aberrations
(total higher-order aberrations, coma aberrations, coma-like aberrations, spherical aberrations, and
spherical-like aberrations) on a 4 mm pupil diameter were measured using the TOPCON KR-1W
wavefront analyzer. Corneal coma aberrations were higher in the overhanging bleb group than in
the control group (0.16 ± 0.13 μm and 0.10 ± 0.05 μm, respectively; p = 0.042). Corneal coma-like
aberrations were also higher in the overhanging bleb group than in the control group (0.31 ± 0.32 μm
and 0.16 ± 0.09 μm, respectively; p = 0.022). With an increasing ratio of cornea covered by the
bleb to the entire cornea, all corneal higher-order aberrations increased except for corneal coma-like
aberrations. Overhanging bleb after trabeculectomy with a fornix-based conjunctival flap using
mitomycin C and its size influenced corneal higher-order aberrations.

Keywords: glaucoma; overhanging bleb; higher-order aberrations; trabeculectomy; mitomycin C

1. Introduction

Glaucoma is an optic neuropathy characterized by gradual progressive morphological
changes in the optic disc and visual field loss [1]. Trabeculectomy (TLE) is an effective
surgical technique for lowering the intraocular pressure to slow the progression of visual
field loss in glaucoma patients [2]. Antimetabolites in TLE, such as mitomycin C (MMC),
have significantly improved the success rate of TLE. MMC inhibits the proliferation of
fibroblasts, thereby preventing excessive postoperative scarring and enhancing the growth
of the large bleb [3]. However, following TLE, patients occasionally complain of foreign
body sensation, excessive tearing, sensitivity to light, and vision changes. Some of these
patients may have overhanging blebs (OHBs), which are defined as oversized filtering blebs
that cover part of the cornea and are caused by tear film instability [4]. Their incidence
appears to be increasing with the introduction of antimetabolites [5,6]. In addition, several
studies have shown that TLE results in changes in corneal keratometry and topography,
and also astigmatism, which leads to a decline in visual acuity [7,8].

Recently, advances in ocular aberrometry have revealed that ocular surface disease
or surgeries increase ocular and corneal higher-order aberrations (HOAs) [9,10]. Several
studies have revealed that ocular surface diseases such as pterygium, the growth of con-
junctival tissue covered in the cornea, affected the HOAs of the cornea [11–13]. Since OHB
shares features with pterygium, we hypothesized that OHB might also be associated with
corneal HOAs. However, changes in corneal HOAs in OHB after trabeculectomy with
a fornix-based conjunctival flap using MMC have not yet been investigated. Here, we
examined the effect of OHB on corneal HOAs.

J. Clin. Med. 2022, 11, 177. https://doi.org/10.3390/jcm11010177 https://www.mdpi.com/journal/jcm
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2. Materials and Methods

In this retrospective, cross-sectional study, patients who attended the Department of
Ophthalmology, Hiroshima University Hospital, Japan, were evaluated between April 2017
and November 2018. The study received approval from the institution’s ethics committee
(E—797), and the research adhered to the tenets of the Declaration of Helsinki.

Sixty-one eyes from 50 patients with OHB who had undergone TLE with a fornix-
based conjunctival flap using MMC at least 3 months prior to entry were analyzed in this
study (OHB group). The eyes with multiple glaucoma surgery were also included in the
OHB group. Sixty-five control eyes from 54 glaucoma patients who had no history of prior
surgical intervention, except uncomplicated cataract surgery at least 3 months prior to their
entry, were concurrently recruited during a similar period (control group). Best-corrected
visual acuity (BCVA) and intraocular pressure (IOP; Goldman Applanation Tonometer,
Haag-Streit, Köniz, Switzerland) were measured. The anterior segment was observed using
slit lamp microscopy. In addition, all eyes with IOLs were using monofocal lenses.

The TOPCON KR-1W wavefront analyzer (Tokyo, Japan) can calculate “corneal”
HOAs from the shape of the cornea as well as HOAs of the entire eye. We used the
TOPCON KR-1W wavefront analyzer to measure corneal HOAs for a 4 mm pupil diameter
without dilating the pupil, and the data were expanded to Zernike polynomials. The
magnitude was demonstrated as the mean root square (RMS). Based on our reports, we
evaluated corneal wavefront aberrations for coma (C−1

3 and C1
3), spherical aberrations

(C0
4), the RMS of the third-order, fourth-order, and total HOAs. The RMS of the third-order

Zernike coefficients (the square root of the sum of the squared coefficients of C−3
3, C−1

3,
C1

3, and C3
3) was considered a coma-like aberration. The RMS of the fourth-order Zernike

coefficients (the square root of the sum of the squared coefficients of C−4
4, C−2

4, C0
4,

C2
4, and C4

4) was considered a spherical-like aberration. Finally, the total of HOAs was
defined as the RMS of the magnitudes for the third- to fourth-order aberrations. All patients
had BCVA of ≥20/40, which was enough to allow fixation on the target of the wavefront
analyzer. Aberrometry measurements were automatically measured three times.

For clinical photographic images, we used the TOPCON SL-D8Z slit lamp mounted
camera (Tokyo, Japan) to evaluate the anterior ocular segment (×10) from 40 degrees on
the temporal side using a diffuser by 50–75 Ws (Watt seconds). OHB was diagnosed if the
cornea was covered with bleb under the slit lamp. The dimensional parameters in clinical
photographic images were calculated using the NIH image J software (Image J, National
Institute of Health, Bethesda, Maryland, USA). The entire corneal area and the area of the
bleb over the cornea were measured each as pixels. The ratio of cornea covered by bleb, the
ratio of cornea covered by bleb to the entire cornea was calculated as the ratio of the OHB
area in the cornea relative to the entire corneal area (Figure 1). We calculated the ratio of
the cornea covered by the bleb as follows.

The area of the entire cornea

The area of the cornea covered 
by bleb

Figure 1. Clinical photographic image using slit lamp mounted camera and dimensions measured
using NIH image J software. The ratio of cornea covered by bleb is the ratio of area of the cornea
covered by bleb to entire cornea area. The red and black lines are the cornea covered by bleb area and
entire cornea area, respectively.
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The cornea covered by bleb area (pixels)/the entire cornea (pixels) × 100 (%)
The exclusion criteria were BCVA <20/40 and patients with any history of ocular

surgery (other than uncomplicated cataract surgery) for the control group. Patients of the
OHB group were not excluded for having had glaucoma surgery several times. Additionally,
patients of corneal, conjunctival ocular disease observed on a slit-lamp microscopy were
also excluded (e.g., pterygium, superficial punctate keratopathy, corneal opacity, and
corneal erosion).

Statistical Analysis

Data were entered in an Excel spreadsheet (Microsoft Corp. Redmond, WA, USA) and
analyzed using JMP software (ver. 14, SAS, Inc., Cary, NC, USA). Measurement data were
expressed as the mean ± standard deviation with a 95% confidence interval. Continuous
data from the two groups were analyzed by an independent t-test, whereas discrete data
were analyzed using Pearson’s chi-square test. The influence of age, IOP, and the ratio
of bleb area on aberrations was analyzed using multiple linear regression. BCVA was
converted into logMAR units for analysis. Differences were statistically significant when
the p-value was <0.05.

3. Results

The study included 126 eyes from 104 patients who were eligible. The control group
comprised 65 eyes with a mean age of 66.23 ± 19.32 years (range, 20–89 years). The OHB
group, which included patients with at least one TLE with a fornix-based conjunctival flap
using MMC, comprised 61 eyes with a mean age of 67.47 ± 11.11 years (range, 25–90 years).
There was no age or gender difference between the two groups. The mean BCVA in
logMAR was −0.0086 ± 0.14 and 0.16 ± 0.30 in the control and OHB groups, respectively
(p < 0.0001). The mean IOP was 14.00 ± 3.66 and 11.60 ± 4.43 in the control and OHB
groups, respectively (p = 0.0012), which was significantly lower in the OHB group. However,
spherical equivalents were −2.25 ± 3.65 and −2.98 ± 2.87 in the control and OHB groups,
respectively (p = 0.22), and there was no difference between the groups (Table 1).

Table 1. Demographic data of participants included in the study.

Control (n = 65) OHB (n = 61) p

Age (years) 66.23 ± 19.32 67.47 ± 11.11 0.66
Gender (Male/Female) 42/23 34/27 0.31

BCVA (logMAR) −0.0086 ± 0.14 0.16 ± 0.30 <0.0001
IOP (mmHg) 14.00 ± 3.66 11.60 ± 4.43 0.0012
Lens status

(phakic/IOL) 43/22 27/34 0.013

Spherical equivalents −2.25 ± 3.65 −2.98 ± 2.87 0.22
OHB: overhanging bleb, BCVA: best-corrected visual acuity, IOP: intra ocular pressure.

There were 46 eyes with primary open-angle glaucoma (POAG), five eyes with exfoli-
ation glaucoma, four eyes with primary angle-closure glaucoma (PACG), four eyes with
secondary glaucoma (three eyes with uvetic glaucoma, one eye with rubeotic glaucoma),
and two eyes with childhood glaucoma in the OHB group. TLE was the most common
surgical procedure (86.89%), followed by TLE + PEA + IOL (TLE, phacoemulsification and
aspiration, and intraocular lens implantation). The average number of TLE surgeries was
1.33 ± 0.85 times (range, 1–5 times); 51 eyes had experienced only one surgery (83.61%),
but a few eyes needed several TLE surgeries. The average period from the last surgery to
the examination was 3.18 ± 3.81 years (range 0.25–20.76 years) (Table 2).
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Table 2. Clinical characteristics of control and overhanging bleb eyes.

Control (n = 65) OHB (n = 61)

Type of glaucoma
PACG (%) 3 (4.6) 4 (6.6)
POAG (%) 37 (56.9) 46 (75.4)

Exfoliation G (%) 4 (6.2) 5 (8.2)
Uveitic G (%) 0 (0) 3 (4.9)

Rubeotic G (%) 1 (0) 1 (1.6)
Childhood G (%) 2 (3.1) 2 (3.3)

Steroid-induced G (%) 3 (3.1) 0 (0)
PPG (%) 16 (24.6) 0 (0)
PAC (%) 1 (1.5) 0 (0)

Operation (First time)
TLE (%) - 53 (86.89)

TLE + PEA + IOL (%) - 6 (9.84)
Ex-PRESS (%) - 2 (3.28)

Average number of TLE
surgeries - 1.33 ± 0.85

1st time (%) - 51 (83.61)
2nd time (%) - 4 (6.56)

3rd time or more (%) - 6 (9.84)
Period after the last surgery

(year) - 3.18 ± 3.81

OHB: overhanging bleb, PACG: primary angle-closure glaucoma, POAG: primary open-angle glaucoma, PPG:
preperimetric glaucoma, PAC: primary angle closure, G: glaucoma, TLE: trabeculectomy, PEA + IOL: phacoemul-
sification and aspiration + intraocular lens implantation.

Table 3 shows the association of corneal aberrations in control and OHB groups.
Corneal coma aberrations were statistically higher in the OHB group than in the control
group (0.16 ± 0.13 μm and 0.10 ± 0.05 μm; p = 0.042). Corneal coma-like aberrations
were also higher in the OHB group (0.31 ± 0.32 μm and 0.16 ± 0.09 μm; p = 0.022).
However, corneal total HOAs, spherical aberrations, and spherical-like aberrations were not
different between the control and OHB groups (0.26 ± 0.14 μm and 0.36 ± 0.40 μm; p = 0.47,
0.04 ± 0.62 μm and 0.04 ± 0.07 μm; p = 0.72, 0.09 ± 0.71 μm and 0.16 ± 0.21 μm; p = 0.11,
respectively). Analyzed for eyes with multiple glaucoma surgeries in the OHB group,
corneal coma aberrations, corneal coma-like aberrations, and spherical-like aberrations were
higher in the OHB group (0.23 ± 0.20 μm and 0.10 ± 0.05 μm; p = 0.0016, 0.37 ± 0.23 μm
and 0.16 ± 0.09 μm; p = 0.0006, 0.22 ± 0.24 μm and 0.09 ± 0.71 μm; p = 0.0013, respectively).
However, corneal total HOAs and spherical aberrations were not different between the
control and the eyes with multiple glaucoma surgeries in the OHB group (0.26 ± 0.14 μm
and 0.55 ± 0.57; p = 0.054, 0.04 ± 0.62 μm and 0.06 ± 0.11 μm; p = 0.57, respectively).

Table 3. Corneal aberrations in control and overhanging bleb eyes.

Control (n = 65) OHB (n = 61) p

Corneal total higher-order
aberrations (μm, RMS) 0.26 ± 0.14 0.36 ± 0.40 0.47

Corneal coma aberrations
(μm, RMS) 0.10 ± 0.05 0.16 ± 0.13 0.042

Corneal spherical aberrations
(μm, RMS) 0.04 ± 0.62 0.04 ± 0.07 0.72

Corneal coma-like
aberrations (μm, RMS) 0.16 ± 0.09 0.31 ± 0.32 0.022

Corneal spherical-like
aberrations (μm, RMS) 0.09 ± 0.71 0.16 ± 0.21 0.11

OHB: overhanging bleb, Total higher-order: magnitude of the third to sixth order, coma-like: third-order Zernike
coefficients, sphericcal-like: fourth-order Zernicke coefficients. The influence of BCVA, IOP and lens status on
aberrations were analyzed using multiple linear regression.
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We measured the range of infiltration area of the bleb to the cornea and entire cornea
using image J. The average ratio of cornea covered by bleb was 6.20 ± 5.46% (range
0.59–31.96%). Figure 2 shows the relationship between the ratio of cornea covered by bleb
and corneal HOAs. There was a positive correlation between the ratio of bleb area and
corneal total HOAs, corneal coma aberrations, corneal spherical aberrations, and corneal
spherical-like aberrations (r = 0.38; p = 0.0026, r = 0.39; p = 0.0018, r = 0.34; p = 0.0071,
r = 0.30; p = 0.021, respectively). Analyzed for eyes with multiple glaucoma surgeries in the
OHB group, there was a positive correlation between the ratio of cornea covered by bleb
and corneal total HOAs, corneal coma aberrations, corneal spherical aberrations, corneal
coma-like aberrations, and corneal spherical-like aberrations (r = 0.83; p = 0.0027, r = 0.78;
p = 0.0083, r = 0.85; p = 0.0020, r = 0.75; p = 0.013, r = 0.83; p = 0.0030, respectively).

(a) (b)

(d)

(r = 0.34, p = 0.0071)

(c)

(e)

(r = 0.38, p = 0.0026) (r = 0.39, p = 0.0018)

(r = 0.30, p = 0.021)

(r = 0.10, p = 0.43)

Figure 2. A linear regression comparison of the ratio of cornea covered by bleb with values of corneal
higher-order aberrations (HOAs). (a) There is a positive correlation between the ratio of cornea
covered by bleb and corneal total HOAs (r = 0.38; p = 0.0026). (b) There is a positive correlation
between the ratio of cornea covered by bleb and corneal coma aberrations (r = 0.39; p = 0.0018).
(c) Corneal coma-like aberrations showed no correlation between the ratio of cornea covered by bleb
(r = 0.10; p = 0.43). (d) There is a positive correlation between the ratio of cornea covered by bleb and
corneal spherical aberrations (r = 0.34; p = 0.0071). (e) There is a positive correlation between the ratio
of cornea covered by bleb and corneal spherical-like aberrations (r = 0.30; p = 0.021).

Univariate regression revealed a significant positive relationship between the ratio of
cornea covered by bleb for corneal total HOAs, corneal coma aberrations, corneal spherical
aberrations, and corneal spherical-like aberrations (β = 0.38; p = 0.0026, β = 0.39; p = 0.0018,
β = 0.34; p = 0.0071, β = 0.30; p = 0.02, respectively) (Table 4). Number of TLE surgeries
also showed a positive relationship between corneal total HOAs and corneal coma aberra-
tions (β = 0.28; p = 0.027, β = 0.28; p = 0.026, respectively). Univariate regression analysis
demonstrated that there was no relationship between IOP <8 mmHg and corneal total
HOAs, corneal spherical aberrations, corneal coma aberrations, corneal spherical aber-
rations corneal coma-like aberrations, and corneal spherical-like aberrations (β = −0.54;
p = 0.17, β = −0.31; p = 0.45, β = −0.16; p = 0.71, β = −0.48; p = 0.23, β = −0.03; p = 0.94,
respectively). Analyzed for eyes with multiple glaucoma surgeries in the OHB group,
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univariate regression revealed a significant positive relationship between the ratio of cornea
covered by bleb for corneal total HOAs, corneal spherical aberrations, corneal coma-like
aberrations, and corneal spherical-like aberrations (β = 0.83; p = 0.0027, β = 0.85; p = 0.0020,
β = 0.75; p = 0.0030, β = 0.83; p = 0.0027, respectively). Multivariate regression analy-
sis demonstrated a significant relationship with the ratio of cornea covered by bleb for
corneal total HOAs, corneal coma aberrations, corneal spherical aberrations, and corneal
spherical-like aberrations (β = 0.37; p = 0.0034, β = 0.40; p = 0.0013, β = 0.34; p = 0.0084,
β = 0.28; p = 0.03, respectively) (Table 5). Multivariate regression analysis demonstrated
that there was no relationship between <8 mmHg and corneal total HOAs, corneal spheri-
cal aberrations, corneal coma aberrations, corneal spherical aberrations corneal coma-like
aberrations, and corneal spherical-like aberrations (β = −0.51; p = 0.12, β = −0.45; p = 0.43,
β = −0.18; p = 0.69, β = −0.33; p = 0.52, β = −0.0031; p = 0.99, respectively). Analyzed for
eyes with multiple glaucoma surgeries in the OHB group, multivariate regression revealed
a significant positive relationship between ratio of cornea covered by bleb for corneal
total HOAs, corneal spherical aberrations, corneal coma aberrations, corneal spherical
aberrations corneal coma-like aberrations, and corneal spherical-like aberrations (β = 1.01;
p = 0.0099, β = 1.13; p = 0.0039, β = 0.57; p = 0.016, β = 1.08; p = 0.0095, β = 1.00; p = 0.0098,
respectively). Univariate regression analysis and multivariate regression analysis demon-
strated there was no relationship between corneal HOAs and IOP <8 mmHg.

Table 4. Univariate regression analysis of corneal higher-order aberrations with associated factors in
overhanging bleb eyes.

Corneal Total
Higher-Order
Aberrations
(μm, RMS)

Corneal Coma
Aberrations
(μm, RMS)

Corneal
Spherical

Aberrations
(μm, RMS)

Corneal
Coma-Like
Aberrations
(μm, RMS)

Corneal
Spherical-Like

Aberrations
(μm, RMS)

β p β p β p β p β p

Ratio of cornea covered by bleb 0.38 0.0026 0.39 0.0018 0.34 0.0071 0.10 0.43 0.30 0.021
Number of TLE ≥ 2 0.21 0.11 0.24 0.061 0.099 0.45 0.077 0.56 0.13 0.31

IOP < 8 −0.54 0.17 −0.31 0.45 −0.16 0.71 −0.48 0.23 −0.03 0.94
Age v0.03 0.84 0.14 0.28 0.0067 0.96 −0.046 0.73 −0.12 0.36

IOP: intra ocular pressure, TLE: trabeculectomy.

Table 5. Multivariate regression analysis of corneal higher-order aberrations with associated factors
in overhanging bleb eyes.

Corneal Total
Higher-Order
Aberrations
(μm, RMS)

Corneal Coma
Aberrations
(μm, RMS)

Corneal Spherical
Aberrations
(μm, RMS)

Corneal Coma-Like
Aberrations
(μm, RMS)

Corneal
Spherical-Like

Aberrations
(μm, RMS)

β p VIF β p VIF β p VIF β p VIF β p VIF

Ratio of cornea
covered by bleb 0.37 0.0034 1.01 0.40 0.0013 1.01 0.34 0.0084 1.01 0.093 0.48 1.01 0.28 0.03 1.01

Number of TLE
≥ 2 0.038 0.78 1.29 0.048 0.72 1.29 −0.085 0.55 1.29 0.038 0.80 1.29 0.0035 0.98 1.29

IOP < 8 −0.51 0.12 1.25 −0.45 0.43 1.25 −0.18 0.69 1.25 −0.33 0.52 1.25 −0.0031 0.99 1.25
Age −0.025 0.84 1.02 0.20 0.11 1.02 0.0056 0.65 1.02 −0.024 0.86 1.02 −0.072 0.57 1.02

IOP: intra ocular pressure, TLE: trabeculectomy, VIF: varianceinflation factor.

Figure 3 shows the relationship between the duration of time period after the last
TLE and corneal HOAs. There was a positive correlation between the duration of time
period after last TLE and corneal total HOAs, corneal coma aberrations, corneal spherical
aberrations, and corneal spherical-like aberrations (r = 0.42; p = 0.0007, r = 0.57; p < 0.0001,
r = 0.42; p = 0.0007, r = 0.33; p = 0.0089, respectively). Also, the duration of the time period
after the last TLE demonstrated positive correlation with the ratio of cornea covered by
bleb (r = 0.33; p = 0.0089). Analyzed for eyes with multiple glaucoma surgeries in the OHB
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group, there was a positive correlation between the duration of the time period after the
last TLE and the ratio of the cornea covered by the bleb (r = 1.00; p < 0.0001).

(d) (e)

(a) (b) (c)

(r = 0.57, p < 0.0001)

(f)

(r = 0.42, p = 0.0007)

(r = 0.23, p = 0.082)

(r = 0.42, p = 0.0007)

(r = 0.33, p = 0.0089)
(r = 0.33, p = 0.0089)

Figure 3. A linear regression comparison of the duration of time period after last TLE and corneal
higher-order aberrations (HOAs). (a) There is a positive correlation between duration of time period
after last TLE and corneal total HOAs (r = 0.42; p = 0.0007). (b) There is a positive correlation
between duration of time period after last TLE and corneal coma aberrations (r = 0.57; p < 0.0001).
(c) There is a positive correlation between duration of time period after the last TLE and corneal
spherical aberrations (r = 0.42; p = 0.0007). (d) Corneal coma-like aberrations showed no correlation
between duration of time period after the last TLE (r = 0.23; p = 0.0082). (e) There is a positive
correlation between duration of time period after the last TLE and corneal spherical-like aberrations
(r = 0.33; p = 0.0089). (f) There is a positive correlation between duration of time period after last TLE
and the ratio of cornea covered by bleb (r = 0.33; p = 0.0089).

4. Discussion

TLE is a standard surgery for uncontrolled glaucoma; patients may expect to control
glaucoma progression by lowering the IOP. Additionally, OHBs are a rare complication after
TLE, and the mechanism underlying their formation is complex. Several factors, such as
gravity on the OHB, the action of the eyelid, scar hyperplasia, and excessive aqueous over-
filtration, may contribute to the formation of OHBs [14,15]. Different therapeutic methods
(dissection, neodymium YAG laser, and autologous blood injection and compression suture)
have been used to deal with these problems [14,16–18]. Following TLE, patients with
OHB sometimes complain about vision change and dysesthesia, dry eye, and excessive
tearing [19]. However, the mechanism that changes vision has not yet been fully understood.
Several studies have revealed that ocular surgeries, such as intraocular lens implantation
and cataract extraction [20–22] and scleral buckling [23], lead to a strong effect on corneal or
ocular HOAs. Several studies have demonstrated changes in the refractive state or HOAs
before and early post-TLE surgery [7,8,24,25]. In addition, some of these studies revealed
that corneal or ocular HOAs were changed for 1 week–1 month after TLE, but they had
returned to normal levels by 3 months [7,8].

In the present study, consistent with previous reports, we revealed a relationship
between OHB on corneal HOAs. Pterygium is a degenerative condition of the conjunctiva
with the subconjunctival tissue invading the cornea by destroying superficial layers of
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stroma and Bowman’s membrane [26]. The histopathology of OHB revealed tight con-
nections with corneal tissues or the corneoscleral limbus and multiloculated cystic, rather
than simply leaning on the cornea, suggesting that OHB induces changes in the ocular
surface [4,27]. Therefore, we consider that OHB, in which the conjunctiva invades the
cornea, similar to the pterygium, may also influence corneal HOAs. We previously re-
ported case series to demonstrate changes in the refractive state before and after resection
of OHB [28]. In those cases, removal of OHB reduced the symptoms of dysesthesia or
corneal HOAs. Several studies showed that pterygium is associated with wavefront aberra-
tions, and excision of pterygium reduces wavefront aberrations, indicating amelioration
in visual function [10,13]. Therefore, we assume that the excision of OHBs may reduce
wavefront aberrations.

OHB is usually located in the superior quadrant (at least in all our cases it was) and
covered part of the cornea. In our study, the analysis demonstrated that corneal coma
aberrations and corneal coma-like aberrations were significantly higher in the OHB group
than in the control group. Therefore, we believe that the result may support the assertion
that OHB caused asymmetric optical distortion in the eyes.

The mechanism of OHB is not completely understood. Several factors, such as gravity
on the OHB, the action of the eyelid, scar hyperplasia, and excessive aqueous over-filtration
may contribute to the formation of OHBs [14,15]. These factors may cause the OHB
to become larger over time. In this study, there was a positive correlation between the
duration of time period after TLE and the ratio of corneal area encroached by OHB. Ad-
ditionally, the duration of time period after TLE demonstrated a positive correlation with
corneal total HOAs, corneal coma aberrations, corneal spherical aberrations, and corneal
spherical-like aberrations. Based on our findings, the longer period after TLE may worsen
OHB, and it seems to be correlated with exacerbation of corneal HOAs, except corneal
coma-like aberrations.

During the first 3 months there are typically important changes in IOP, post-operative
manipulations (e.g., injections, suture lysis) and important changes in bleb anatomy and
configuration due to the scarring process. These changes as potential causes of the corneal
aberrations have been reported in ocular or corneal aberrations, except spherical aberra-
tions that were increased at 1–4 weeks after TLE, but they returned to control levels at
1–3 months [8,25]. The authors concluded that temporary ciliary body edema following
TLE could change the thickness and position of the lens, and ACD induced the disturbance
in ocular HOAs. However, changes of ocular HOAs returned by 3 months, suggesting that
those changes in ciliary body edema may return to the control levels by 3 months after
TLE surgeries. Because OHB is one of the late complications, in our study, all cases were
analyzed 3 months or more after TLE. Like cataract surgery, as for small-incision cataract
surgery, changes in corneal aberrations may occur early after surgery; however, these
changes gradually returned to preoperative values by 2 or 3 months after surgery [29–31].
In our study, all cataract surgeries were performed with small incisions using a phacoemul-
sification platform, and all cataract surgery cases were measured 3 months or more after
cataract surgery. Therefore, we considered that the effects of TLE surgery and cataract
surgery themselves are negligible in our study. In the current study, the duration of the
time period after the last TLE showed an association with corneal HOAs (except corneal
coma-like aberrations) and the ratio of bleb to the cornea. It was speculated that increases in
the duration may affect permanent stable changes in corneal HOAs after glaucoma surgery,
especially in the OHB eyes.

Therefore, although, the mechanism underlying OHBs formation is complex, for exam-
ple, for preventing excessive aqueous over-filtration, it may be useful to ensure an adequate
amount of aqueous humor to the conjunctiva, or if OHBs would once occur, it might be
useful for resecting them earlier to prevent corneal HOAs, causing visual disturbance.

Our study has several limitations. First, it includes few participants and a lack of
anterior chamber depth measurement (ACD). He [32] reported that corneal asphericity and
ACD play important roles in determining peripheral wavefront aberrations. However, Jo
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et al. [33] suggested that the total HOAs change showed no correlation with ACD change
before and after TLE using MMC. Further research on ACD and corneal aberrations is
required. Second, the tear film fluctuation and OHB heights were not measured in our
study. Numerous studies [34–36] have shown that the tear film instability led to wavefront
HOA changes, and Ji et al. [19] reported that TLE, especially bleb height, was related to
ocular surface instability. OHB may cause ocular surface instability to corneal aberrations.
In our study, we excluded from the OHB group patients with corneal damage observed
with slit-lamp microscopy, but did not fully investigate whether there was a dry eye or
excessive tears such as tear film instability and the effect of eye drops. Further research to
study the correlation between ocular stability and corneal aberrations in OHB eyes must
address this problem. Third, in this study, we did not assess change of corneal HOAs or
symptoms of dysesthesia before and after resection of OHB. Previously, we reported a
case series in which surgical removal of OHB reduced the corneal HOAs and symptoms
of dysesthesia [28]. However, in order to provide useful information about the benefit
of resecting OHB, further research to evaluate the relation between corneal HOAs and
symptoms before and after resection of OHB is needed.

In conclusion, OHBs after TLE with a fornix-based conjunctival flap using MMC
increased corneal coma aberrations and coma-like aberrations. The ratio of the cornea
covered by the bleb positively correlated with the duration of the time period after TLE
and corneal HOAs, except for coma-like aberrations. We conclude that increases in the
proportion of OHB in the cornea may worsen corneal HOAs, causing visual disturbances
in the late period after TLE with a fornix-based conjunctival flap using MMC.
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Abstract: Glaucoma is a leading cause of blindness and is characterized by the progressive dys-
function and irreversible death of retinal ganglion cells. We aimed to identify shared differentially
expressed genes (DE genes) between different glaucoma relevant models of retinal ganglion cell
injury using existing RNA-sequencing data, thereby discovering targets for neuroprotective therapies.
A comparison of DE genes from publicly available transcriptomic datasets identified 12 shared DE
genes. The Comparative Toxicogenomics Database (CTD) was screened for compounds targeting
a significant proportion of the identified DE genes. Forty compounds were identified in the CTD
that interact with >50% of these shared DE genes. We next validated this approach by testing select
compounds for an effect on retinal ganglion cell survival using a mouse retinal explant model. Folic
acid, genistein, SB-431542, valproic acid, and WY-14643 (pirinixic acid) were tested. Folic acid,
valproic acid, and WY-14643 demonstrated significant protection against retinal ganglion cell death
in this model. The increasing prevalence of open access-omics data presents a resource to discover
targets for future therapeutic investigation.

Keywords: glaucoma; retinal ganglion cells; RNA-sequencing; neuroprotection; drug discovery

1. Introduction

Glaucoma is a common neurodegenerative disease characterized by the progressive
dysfunction and loss of retinal ganglion cells (RGCs), the major output neurons of the retina.
The disease clinically manifests with deterioration of visual sensitivity and progressive
visual field deficits. The major risk factors for glaucoma are age, genetics, and elevated
intraocular pressure (IOP). Despite extensive research, IOP management remains the only
clinically available therapy and, to date, there are no clinically available neuroprotective
strategies for glaucoma. Despite continuing attempts to lower IOP pharmacologically and
surgically, a significant percentage of patients ultimately progress to blindness in one or
both eyes [1]. Affecting ~80 million patients worldwide, glaucoma is the most common
irreversible blinding disease, constituting a substantial health and economic burden [2].
Thus, efficient neuroprotective therapies would be of great value.

The underlying mechanisms of RGC degeneration that lead to glaucomatous optic
neuropathy have been studied broadly using a number of animal-based models, of which
controlled optic nerve crush [3] or transection [4], bead models of ocular hypertension [5,6],
and the DBA/2J mouse model of glaucoma [7] have been commonly used. Although these
models vary in their pathology and mechanism of neural insult, some intrinsic cellular
degenerative mechanisms and genetic pathways might be inherent to glaucomatous RGC
death. Such mechanisms and genetic pathways would be of particular value as targets for
therapeutic interventions.

Recently, RNA-sequencing has been utilized to investigate the molecular mechanisms
that drive RGC death in these models, allowing for the identification of differentially
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expressed genes (DE genes) and pathways. Comparing these across models could provide
important data for the discovery of common cellular mechanisms and new insights into
the pathophysiology of glaucoma. The identified molecules might be targeted by novel
or pre-existing pharmaceutical compounds, which would represent a new data-driven
approach to discovering potential glaucoma therapeutics, especially when combined with
models that allow for rapid testing of drug candidates.

In this study, we identify compounds that could act on altered genes/proteins common
to RGC insult using publicly available transcriptomic datasets and validate these using the
mouse retinal explant model of RGC degeneration.

2. Materials and Methods

2.1. RNA-Sequencing Comparison and Identification of Compounds via the Comparative
Toxicogenomics Database

Previous results of RNA-sequencing from three different animal models (mouse
controlled optic nerve crush [3], DBA/2J mouse model of glaucoma [8], and rat optic nerve
transection [4]) were examined. Matrices of DE genes were analyzed at a false discovery
rate (FDR, q) of 0.05 (0.10 for the mouse controlled optic nerve crush, as reported in the
original study). Gene lists were compared in a three-way analysis in R showing a number
of shared DE genes between each model. Pathway analysis was performed (Ingenuity
pathway analysis, Qiagen, Hilden, Germany) on shared DE genes between comparisons.
The shared DE gene list common to all three models was queried in the Comparative
Toxicogenomics Database (CTD), which compiles known gene/protein interactions with
chemicals based on published data, and compounds targeting a significant proportion of
the identified DE genes (>50% occurrence) were identified. Compounds for neuroprotective
testing were selected based on previous neuroprotective literature support and novelty
to glaucoma.

2.2. Animal Strain and Husbandry

All breeding and experimental procedures were performed in accordance with the
Association for Research for Vision and Ophthalmology Statement for the Use of Animals
in Ophthalmic and Research. Individual study protocols were approved by Stockholm’s
Committee for Ethical Animal Research (10389-2018). All mice were housed and fed in a
12 h light/12 h dark cycle with food and drinking water available ad libitum. C57BL/6J and
B6.Cg-Tg(Thy1-CFP)23Jrs/J (JAX stock number #003710; CFP + RGCs) mouse strains were
purchased from The Jackson Laboratory (Bar Harbor, ME, USA) and bred and maintained
in-house. All mice were used at 12–20 weeks of age.

2.3. Retina Axotomy Explant Model

Compounds were tested using a retinal axotomy model that has been previously
described [9]. Mice were euthanized by cervical dislocation, and eyes were enucleated
immediately. Subsequently, retinas were dissected free in cold HBSS and either fixed
immediately with PFA for 1 h (0 days ex vivo; control) or flat mounted on cell culture inserts
(Millicell 0.4 μm pore; Merck, Kenilworth, NJ, USA) and maintained in culture (37 ◦C, 5%
CO2) with Neurobasal-A media supplemented by 2 mM L-glutamate (GlutaMAX, Gibco,
Thermo Fisher Scientific, Waltham, MA, USA), 1% N-2 supplement, 2% B-27 supplement,
and 1% penicillin/streptomycin (all Gibco) in six-well culture plates (3 days ex vivo). For
treated retinas, valproic acid (1 mM), folic acid (50 μg/mL), SB-431542 (10 μM), WY-14,463
(100 μM), and genistein (10 μM) were dissolved in the culture media (all drugs from Merck).
Half of the media volume was replaced at 48 h. After 72 h (3 days ex vivo), the retinas were
removed from culture, fixed in 3.7% PFA for 30 min, and immunolabelled as detailed below.

2.4. Immunofluorescent Labelling

Retinas were transferred to slides and isolated using a hydrophobic barrier pen
(VWR, Radnor, PA, USA). Subsequently, the tissue was permeabilized with 0.5% Triton
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X-100 (VWR) in 1 M PBS for 60 min and blocked in 2% bovine serum albumin (Thermo
Fisher Scientific) in 1 M PBS for 60 min. Primary antibodies were applied and maintained
overnight at 4 ◦C (detailed in Table 1). Retinas were washed five times for 5 min in 1 M PBS
before the secondary antibodies were applied and maintained for 4 h at room temperature.
All tissue was washed again five times for 5 min with PBS, and TOPRO-3 nuclear stain
(1 μM in 1 M PBS) was applied and maintained at room temperature for 10 min. Tissue
was then washed once in PBS and mounted using Fluoromount-G and glass coverslips
(Thermo Fisher Scientific). Slides were sealed with nail varnish.

Table 1. Antibodies used.

Antibody Target Host Stock Conc. Working Conc. Dilution Details

anti-RBPMS RNA-binding protein,
RGC specific in the retina Rabbit 660 μg/mL 1.32 μg/mL 1:500 Novusbio NBP2-20112

anti-GFP XFPs (e.g., CFP) Chicken 10 mg/mL 20 μg/mL 1:500 Abcam ab13970
Goat-anti Rabbit
Alexa Fluor 568 Rabbit primary antibody Goat 2 mg/mL 4 μg/mL 1:500 Invitrogen A11011

Goat-anti Chick
Alexa Fluor 488 Chick primary antibody Goat 2 mg/mL 4 μg/mL 1:500 Invitrogen A11039

2.5. Analysis of Retinal Ganglion Cell Degeneration

RGC loss and shrinkage of nuclei were evaluated by CFP, RBPMS, and TOPRO-3
labelling of flat mounted tissue. All images were acquired on a Leica DMi8 microscope
with a CoolLED pE-300white LED-based light source and a Leica DFC7000 T fluorescence
color camera (all Leica, Wetzlar, Germany). In each retina, six images (40× magnification,
0.55 NA) were taken at 0, 2, 4, 6, 8, and 10 o′clock equidistantly, about a superior to inferior
line through the optic disc (~1000 μm eccentricity). All images were cropped to 0.01 mm2.
CFP+ cells, RBPMS+ cells, and TO-PRO-3+ nuclei were counted using the cell counter
plugin for Fiji [10]. Cell counts and nuclei counts were averaged across the six images
in each retina and expressed as a density per 0.01 mm2. To assess nuclear shrinkage, the
nuclear diameter was measured in >30 nuclei belonging to RBPMS+ cells (per cropped
image) using the in-built line tool, giving an average nuclear diameter per image. These
values were averaged across the six images of each retina to produce a final average nuclear
diameter per retina.

2.6. Statistical Analysis

All statistical analysis was performed in R. Data were tested for normality with a
Shapiro Wilk test. Normally distributed data were analyzed by Student’s t-test or ANOVA
(with Tukey’s HSD). Non-normally distributed data were transformed using squared trans-
forms; data that remained non-normally distributed were analyzed by a Kruskal–Wallis test
followed by Dunn’s tests with Benjamini and Hochberg correction. Unless otherwise stated,
* = p < 0.05, ** = p < 0.01, *** p < 0.001, NS = non-significant (p > 0.05). For box plots, the
center hinge represents the median, with the upper and lower hinges representing the first
and third quartiles; whiskers represent 1.5 times the interquartile range.

3. Results

3.1. Comparison of Glaucoma-Relevant Transcriptomic Datasets Identifies Common Genes for
Therapeutic Targeting

Publicly available transcriptomic datasets from three different animal models relevant
to glaucoma (mouse controlled optic nerve crush [3], DBA/2J mouse model of glaucoma [8],
and rat optic nerve transection [4]) were analyzed to identify common pathways and shared
gene expression profiles. Comparison of the DE genes revealed commonality between
models with ~30–40 DE genes shared between individual comparisons (comparisons are
displayed in Figure 1 and DE gene lists are detailed in Supplementary Table S1). Three-
way comparison of differentially expressed genes identified 12 shared DE genes between
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all three models (Figure 1 and Supplementary Table S1). The identity and role of these
genes are detailed in Supplementary Table S2. Pathway analysis revealed a role of these
shared DE genes predominantly in the immune system, neuroinflammatory signaling, and
amino acid biosynthesis pathways (Table 2). However, the majority of pathways had a low
number of gene hits (pathway hit %), demonstrating that these identified DE genes do not
collectively belong to a single or conserved pathway of RGC degeneration.

Figure 1. Comparison of RNA-sequencing data identifies gene changes common to models of

retinal ganglion cell injury. DE gene lists were compiled from publicly available RNA-sequencing
datasets from the DBA/2J mouse model of glaucoma (Williams et al., 2017 [8]), mouse controlled
optic nerve crush model (CONC; Yasuda et al., 2014 [3]), and rat optic nerve transection model (ONT;
Yasuda et al., 2016 [4]). The results are displayed as a Venn diagram showing the total number of DE
genes by dataset, and overlap demonstrating shared DE genes. A three-way comparison identified
12 common genes (listed to right) that may represent gene changes conserved to RGC injury, and
thus useful therapeutic targets.

We then used the CTD to screen for compounds that interact with these shared DE
genes in order to identify potential novel therapeutics. Screening revealed 40 compounds
that interact with >50% of these shared genes (Supplementary Table S3). A number of
these are chemical by-products or inorganic compounds tested in toxicity assays (e.g., for
carcinogenic effects) and as such are not suitable therapeutics. Other compounds had
known neurodegenerative or anti-neuroprotective properties/responses (e.g., LPS and
genistein). We identified eight compounds that may be suitable therapeutics based on a
literature search (Supplementary Table S3), as they are either hormonal compounds, simple
dietary compounds, or compounds that have already been tested in neurodegenerative
contexts. These eight compounds were valproic acid, SB-431542 (an inhibitor of TGF-Beta
Type I Receptor/ALK5, ALK4 & ALK7), progesterone, estradiol, choline, folic acid, WY-
14643 (pirinixic acid, a peroxisome proliferator-activated receptor alpha (PPARα) agonist),
and rosiglitazone.
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3.2. Retinal Explant Model Provides a Platform to Rapidly Test Candidate Neuroprotective
Therapeutics

Axotomy of the RGC axon results in RGC degeneration. In the retina explant model [9,11],
severing of the optic nerve leads to RGC axotomy, and results in 30–50% RGC loss over
3–5 days in the mouse. We utilized this model to identify compounds for an RGC neuropro-
tective effect (Figure 2). Valproic acid, SB-431542, folic acid, and WY-14643 were selected for
testing because an established literature already exists for progesterone, choline, and estradiol
(see discussion). Following axotomy and maintenance in culture ex vivo for 3 days, retinas
exhibited a marked loss of RGCs as identified by significant reduction in the number of
CFP+ cells (40% loss, p < 0.05) and RBPMS+ cells (39% loss, p < 0.001). Nuclear density was
variable and was not significantly reduced at this time point, likely reflecting a combination
of neuronal loss and glial proliferation. Surviving RGCs had significantly reduced nuclear
diameter (14% smaller, p < 0.001), indicating significant cellular stress.

Three of the tested compounds conferred significant neuroprotection when dissolved
in the culture media. Survival of CFP+ RGCs was best promoted by folic acid (1.75-fold sur-
vival from untreated, p < 0.05), followed by valproic acid (1.59-fold survival from untreated,
p < 0.05), and was significant, but highly variable with SB-341542 (1.65-fold survival from
untreated, p < 0.05). RBPMS+ cell counts were highest in retinas treated with valproic acid
(1.47-fold survival from untreated, p < 0.01; 11% loss compared with control, p > 0.05),
followed by WY-14643 (1.4-fold survival from untreated, p < 0.01; 11% loss compared
with control, p > 0.05). RGC loss assessed by RBPMS+ counts was reduced for folic acid
treated retinas relative to control (21% loss compared with control, p > 0.05), but was not
significantly different from untreated retinas, demonstrating variable protection (1.3 fold
survival from untreated, p > 0.05). Only WY-14643 demonstrated significant protection
against nuclear shrinkage (1.11-fold larger diameter compared with untreated, p < 0.05;
4.5% loss compared with control, p < 0.05). Folic acid and valproic acid demonstrated a
less severe nuclear shrinkage relative to control (10% loss, p < 0.01; and 9.7% loss, p < 0.01,
respectively). SB-341542, despite showing some protection to CFP+ RGCs, did not demon-
strate significant neuroprotection to RBPMS+ RGCs (1.08-fold survival from untreated,
p > 0.05; 35% loss compared with control, p > 0.001), or against nuclear shrinkage (0.98-fold
survival from untreated, p > 0.05; 15% loss compared with control, p > 0.001), suggestive of
a possible RGC subtype bias or preferential protection of healthier cells (i.e., those able to
maintain CFP expression) [12].

As further validation of this approach, we selected an identified compound that
should not enhance RGC survival (as the CTD returns interactions based only on literature
link, irrespective of context). We tested the effects of supplementing the culture media with
genistein as it has been demonstrated to influence a number of neuroprotective effects.
Genistein had no effect on RGC survival compared with untreated retinas, as assessed by
CFP+ counts (p > 0.05), RBPMS+ counts (p > 0.05), TOPRO-3+ counts (p > 0.05), or nuclear
diameter (p > 0.05). Density of TOPRO-3+ nuclei was actually significantly reduced from
control in only genistein-treated retinas (15% loss from control, p < 0.05).
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Figure 2. Sequencing data and drug database screening successfully identifies therapeutic candidates that provide

retinal ganglion cell neuroprotection. Retina from B6.Cg-Tg(Thy1-CFP)23Jrs/J mice were explanted into tissue culture
and maintained for 3 days ex vivo (DEV) with candidate drugs supplemented in the media (in addition to controls: 0 DEV
and 3 DEV untreated). (A) Retinas were labelled for CFP (anti-GFP), RBPMS, and TOPRO-3 before imaging. (B) CFP+ cell
density was significantly reduced at 3 DEV in untreated retinas and this was significantly improved in folic acid, SB-431542,
and valproic acid treated retinas. RBPMS+ RGC density was significantly reduced at 3 DEV in untreated retinas and
this was significantly improved in valproic acid and WY-14643 treated retinas, with moderate protection from folic acid.
TOPRO-3+ round nuclei were not significantly altered with the exception of genistein, supporting its lack of protection and
possible neurotoxic effects. Mean nuclear diameter was significantly smaller at 3 DEV, and this was significantly improved
by WY-14643. Overall, these data support valproic acid, folic acid, and WY-14643 as neuroprotective against acute RGC
injury. This validates the approach of identifying potential neuroprotective therapeutics from existing -omics data. Scale bar
in A = 20 μm. * p < 0.05, ** p < 0.01, *** p < 0.001.
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4. Discussion

The key defining characteristic of glaucomatous optic neuropathy is the progressive
loss and dysfunction of RGCs and is one of the only shared features across the pathophysi-
ological spectrum in human glaucomatous disease and animal models of glaucoma. The
pathophysiology of RGC degeneration in different animal models is likely to vary. There
may be shared intrinsic RGC degenerative mechanisms across all glaucoma models as
well as human glaucoma, which can be identified and explored. The purpose of this study
was to identify commonalities between RGC injury models (rather than to individually
analyze distinct models of glaucoma) with which to identify neuroprotective treatments
that may be applicable across the heterogeneity of glaucoma (in animal models and human
glaucoma patients).

In this study, we used three publicly available RNA-sequencing datasets of animal
models of glaucoma. The DBA/2J mouse is one of the most frequently used glaucoma
models in research. In DBA/2J mice, mutations in two genes (GpnmbR150X and Tyrp1b)
drive an iris disease with features of human iris atrophy and pigment dispersion. Pigment
disperses from the iris and induces damage in the drainage structures of the eye. This
inhibits aqueous humor outflow and leads to an increase in IOP. By 9 months of age, IOP
is high in the majority of eyes and transcriptomic and metabolic datasets demonstrate
mitochondrial and metabolic dysfunction in RGCs [12]. In the mouse controlled optic
nerve crush model, axonal injury is induced mechanically by a temporary compression of
the distal optic nerve, resulting in RGC death [3]. Similarly, in the optic nerve transection
model, axonal injury triggers axon degeneration, leading to a rapid RGC degeneration [4].

With the increased prevalence of -omics technologies, there is a wealth of open
data within the field of glaucoma for researchers to explore and utilize. The aim of
the present study was to unbiasedly test a conserved gene set between three publicly
available RNA-sequencing datasets. Typically, pathway analysis and ranking of changed
genes/proteins/metabolites reveal multiple potential mechanistic avenues for exploration,
but practical (funding and publication limits) and narrative/hypothesis limitations leave
many of these unexplored. Comparison of datasets to identify common changes can be
a powerful method to identify conserved pathological processes in optic nerve injury, as
has been demonstrated by previous comprehensive comparisons including the DBA/2J
mouse model, optic nerve crush/axotomy models across multiple species, and other CNS
neurodegenerations [13,14]. These studies identified commonality and enrichment predom-
inantly within neuroinflammatory and innate immune responses. With the growth of this
approach, the field can form data-driven hypotheses to identify and test new mechanisms
of neurodegeneration/neuroprotection.

In this study, we compared common gene changes in transcriptomic datasets from
RGC injury models and screened these against the Comparative Toxicogenomics Database
to identify novel therapeutics. Using a retinal explant model to rapidly test a number of
these compounds, we demonstrate the therapeutic potential of drugs identified in this
way. Multiple drugs identified had established literature support for RGC and neuronal
protection, further supporting this method of identifying potential therapeutics. The ex vivo
retinal explant model is ideal as a first-pass model for assessing neurodegenerative events
and testing neurodegenerative or neuroprotective drug candidates. In this model, RGCs
are axotomized, leading to RGC degeneration [9,11]. As 100% of RGCs are axotomized, the
insult is controlled, and maintenance in tissue culture removes the influence of systemic
events (e.g., infiltration of myeloid-derived cells) and tightly controls tissue conditions.
Only small amounts of a drug is required for testing as it can be directly dissolved in the
media. This overcomes any need to test or assess systemic metabolism and bioavailability
in the first round of studies, thus keeping the cost of drug and animals low. Further to this,
in many research-centric countries (e.g., EU, USA, Australia), additional animal ethical
permits are not required to perform this model, increasing its availability to labs that might
not have significant animal housing and testing resources.
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Screening the shared DE genes between the three glaucoma models against the Com-
parative Toxicogenomics Database identified valproic acid as the drug that interacted
with the most gene products (11/12; the exception was Chrna6), followed by SB-431542,
progesterone, estradiol, choline, folic acid, WY-14643, and rosiglitazone (see Supplementary
Table S3). Valproic acid is an FDA-approved anti-epileptic and migraine drug. Valproic
acid’s mechanism of action is proposed to be through modulating histone deacetylases
activity, which has a well-established literature of limiting RGC degeneration in models of
normal-tension and ocular-hypertensive glaucoma [15,16].

Progesterone and estradiol are both endogenous steroids and sex hormones. An exten-
sive literature exists on their possible potential as neuroprotectors and multiple different
mechanisms of action are proposed (e.g., regulation of mitochondrial calcium and Bcl-2
expression, affecting the phosphatidylinositol 3-kinase/Akt signal pathway or preventing
caspase-3 activation). A number of studies have been performed to explore the potential
of progesterone and estradiol as neuroprotectors in animal models of photoreceptor and
retinal ganglion cell loss [17–25]. Given the evidence that RGCs express estrogen receptors,
lower estradiol levels are linked with primary open-angle glaucoma (POAG) [26], and that
β-estradiol can protect from RGC death [23,27,28], an estrogen analogue-based therapy
may be of benefit in many glaucoma patients.

Choline is a quaternary amine, the precursor of many cell components and signaling
molecules (e.g., acetylcholine), and an essential nutrient for humans. It is further processed
to citicholine and phosphatidylcholine in vivo. Both choline and citicoline are thought to
have a neuroprotective effect, possibly by preserving sphingomyelin and cardiolipin and
by promoting glutathione synthesis. The literature contains a number of studies suggesting
a favorable effect on retinal cell survival, as assessed in various neurodegenerative animal
models [15–19].

Folic acid is an essential nutrient and B vitamin which plays a crucial role in the
biosynthesis of DNA and RNA. The vitamin is also indispensable for erythrocyte matura-
tion. Clinically, folic acid is mainly used to prevent neural tube defects in the developing
fetus. Yet, it has been shown to be protective against certain dysplasia and to reduce
gingival inflammation [29]. A number of studies examined the effect of folic acid on mi-
croglia and astrocytes in animal models of cellular stress responses, and reported positive
results [30,31]. However, to the best of our knowledge, a possible neuroprotective effect in
glaucoma has not been previously investigated.

As an established antidiabetic drug of the thiazolidinedione class, Rosiglitazone func-
tions as an insulin sensitizer. The drug binds to the peroxisome proliferator-activated
receptors in adipocytes and renders the cells more responsive to insulin. The neuropro-
tective effect of Rosiglitazone and other thiazolidinediones has been studied extensively
and a beneficial effect has been suggested through inhibition of inflammatory responses,
pro-apoptotic cascades, and mitochondrial metamorphosis [32–34].

The TGF-β type 1 receptor inhibitor SB-431542 is a drug candidate proposed for the
treatment of osteosarcomas in humans. The agent acts through binding the activin receptor-
like kinase (ALK) receptors ALK5, ALK4, and ALK7. It has also been shown to promote the
transformation of astrocytes into neurons [35]. Two studies found evidence for a possible
protective effect from NMDA-induced retinal degeneration in rats and from N-methyl-N-
nitrosourea (MNU)-induced rod photoreceptor degeneration in zebrafish [36,37].

Pirinixic acid, also known as WY-14643, is a synthetic drug candidate for preven-
tion of severe cardiac dysfunction, cardiomyopathy, and heart failure as a result of lipid
accumulation within cardiac myocytes. Its mechanism of action is through binding the
peroxisome proliferator-activated receptor alpha (PPARα), thereby affecting cell prolifera-
tion and differentiation, lipid metabolism, and inflammatory signaling cascades. WY-14463
has the potential to protect neurons by modulating mitochondrial fusion and fission [38].
However, the drug′s potential neuroprotective effect has not previously been explored
in glaucoma models. In summary, our screen identified a number of neuroprotective
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compounds novel to RGC survival. Valproic acid, folic acid, and WY-14643 performed best
in terms of neuroprotection, while treatment with SB-431542 led to variable results.

As a further test of this drug discovery method, we sought to also test identified
drugs that, based on literature, would not produce a neuroprotective effect. Genistein is a
naturally occurring phytoestrogen and isoflavone. The compound is found in soybeans,
flava beans, coffee beans, and others. Genistein is known to inhibit protein-tyrosine kinase
and topoisomerase-II, affecting the process of cell differentiation and proliferation, and pro-
moting DNA fragmentation and apoptosis [39,40]. It has been hypothesized that genistein
could be used to treat different types of cancer through its antioxidant and antiangiogenetic
effects. However, in various animal neurodegenerative models, genistein has been shown
to block the neuroprotective effect of agents such as carbamylcholine, forskolin, and ve-
ratridine [41–43]. In the explant model, genistein had no effect on RGC survival, thus
supporting the applicability of this method for identifying disease modifying compounds.

5. Conclusions

Glaucoma is a complex neurodegenerative disease in which the only shared and
clinically defined feature is the progressive dysfunction and degeneration of RGCs (al-
though age, genetic risk, and high IOP are all common risk factors, glaucoma can still occur
in the absence of one or more of these risk factors). Many models of glaucoma-related
stress have been developed in a wide array of animal species, which recapitulate some
of the features of human glaucoma. Comparison of these models to identify common
changes can be a powerful method to identify conserved pathological processes in RGC
injury. Publicly available -omics datasets such as those from RNA-sequencing represent a
data-rich resource for identifying these potential critical pathogenic changes. We identi-
fied gene changes common to three modes of RGC injury and screened these against the
Comparative Toxicogenomics Database to identify novel therapeutic agents for testing.
We demonstrated the validity of this approach by testing the identified compounds using
another independent model of RGC injury.

Our drug discovery and analysis platform used only publicly available tools and
datasets and an ex vivo model widely amenable to the majority of research-intensive
countries that does not require additional animal ethical permits, while keeping drug
treatment costs low. This platform is a practical means to utilize the increasing wealth of
open access -omics data generated by the glaucoma field in order to move forward towards
identifying new therapeutics.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/jcm10173938/s1, Table S1: Shared differentially expressed genes between glaucoma RNA-
sequencing datasets, Table S2: Roles of shared differentially expressed genes, Table S3: Com-
pounds with known interactions with differentially expressed genes common to all three RNA-
sequencing datasets.
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