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Preface

This Edited Volume Ocular Hypertension — New Advances is a collection of reviewed
and relevant research chapters, concerning the developments within the Ocular
Hypertension field of study.

The book includes scholarly contributions by various authors and was edited by
a group of experts who are pertinent to ophthalmology. Each contribution comes
as a separate chapter complete in itself but directly related to the book’s topics and

objectives.

The target audience comprises scholars and specialists in the field.

Intechopen Team






Chapter1

Effect of Selective Laser
Trabeculoplasty in Ocular
Hypertension

Aida Abovyan and Artashes Zilfyan

Abstract

The aim of the study was to compare the results of using eye drops (a beta-blocker)
with the results of selective laser trabeculoplasty in ocular hypertension. The ret-
rospective study was conducted among treatment-naive patients of two clinics in
Yerevan, Armenia, during a period from 2019 to 2022. The eligible participants were
divided into two groups as follows: group 1 (85 eyes) with patients who received
SLT once and group 2 (52 eyes) where the patients have applied a single type of eye
drops. The patients were allocated to the groups taking into account their preferences;
this corresponded to random sampling. The IOP measures taken after 1, 3, 6, and
12 months showed reduction for more than 20% each time compared to baseline data.
The mean IOP reduction was not significantly different in both treatment groups.
SLT, as an effective and convenient technique allowing avoidance of the side effects
of eye drops and an issue of low compliance, can be recommended as a method of the
first choice in primary prevention of glaucoma.

Keywords: selective laser Trabeculoplasty, ocular hypertension treatment, selective
laser Trabeculoplasty in ocular OHT, SLT effect, SLT in ocular hypertension

1. Introduction

Use of laser for intraocular pressure (IOP) reduction is dated to 1970s. In 1979,
Wise and Witter suggested low-energy argon laser photocoagulation (ALT) and
concluded that it was a successful procedure for the short-term IOP decrease [1].

The mechanism of ALT is ambiguous [2]. According to mechanical theory, laser
thermal burns to trabecular meshwork (TM) lead to collagen contraction and local
scarring, thus enhancing space for nearby tissues. In obedience to biological theory,
thermal energy of ALT causes structural changes of TM by means of “altered cytokine
secretion, matrix metalloproteinase induction, increased cell division, repopulation
of burn sights, and macrophage recruitment”. As a result, extracellular matrix is
changed, and intraocular fluid outflow increases [2, 3].

In 1983, Anderson and Parrish found that pigmented cells of tissue could absorb
applied radiation energy selectively, resulting in localized damage. This process was
called selective photothermolysis (SP) [4].
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SP had two main criteria. The first criterion was an intracellular chromophore with
a higher optical absorption at the laser wavelength than in neighboring tissues, and
the second criterion was that the period of laser radiation could not be longer than it
is required for thermal diffusion into the tissue (thermal relaxation time) [5].

The ALT duration (~0.1 s) is longer than the thermal relaxation time of melanin
(1 ps); it allows heat generated in pigmented cells to dissipate and damage collateral
T™ [5].

Selective Laser Trabeculoplasty (SLT) was introduced in 1995 by Latina and Park.
They used a 532nm Q-switched, frequency-doubled Nd:YAG laser that generated a
shorter pulse duration (3ns). It suits the abovementioned requirements of SP, preventing
heat dissolution outside of pigmented TM cells and causing less surrounding damage [6].

In 2001, SLT received approval of Food and Drug Administration (FDA).
According to Arora et al., 75,647 trabeculoplasties were performed in 2001 in the
USA; this number was almost doubled, reaching 142,682 procedures in 2012 [7].

SLT lowers the IOP by increasing the outflow through the TM [8].

Histopathological study showed that SLT causes less damage to TM compared to
ALT [9].

It is suggested that TM disruption could depend on energy dosage, as higher power
SLT can lead to more severe TM damage than lower power SLT [10].

The mechanical and biological theories, which have been suggested to explain
ALT’s mechanism of action, do not entirely suit to SLT, as limited damage of tissues
occurs to the TM in SLT, as thermal relaxation time of melanin is approximately 1
millisecond and the pulse duration of SLT laser is 3 nanosecond [5].

SLT lowers intraocular pressure (IOP) by improving aqueous outflow mainly by
biological changes in the TM [5].

SLT has demonstrated the regulation of expression of genes responsible for cell
motility, extracellular matrix production, membrane repair, and reactive oxygen
species production [11].

In vitro studies have shown an increase in pro-inflammatory cytokine expression,
including interleukin-1-alpha, interleukin-1-beta, tumor necrosis factor-alpha, and
interleukin-8 post SLT [12].

These cytokines enhance stromelysin-1 expression (MMP-3), a matrix metallopro-
teinase, involved in TM extracellular matrix remodeling to increase aqueous outflow
through the juxtacanalicular meshwork [13].

After SLT, increase in TM monocyte recruitment has been registered as a result of
increased chemokine production [14].

Several studies demonstrated that local increase in endothelin-1 may lead to
acute IOP rise after SLT (IOP spike); meanwhile, increase in lipid peroxide levels and
reduction in antioxidant enzyme levels can occur due to the increased inflammatory
response precipitated after laser [15, 16].

In vivo, monocytes improve aqueous outflow and, iz vitro, facilitate Schlemm’s
canal permeability through the secretion of cytokines or directly phagocytosis of the
debris within TM [15].

Kramer et al. conducted a study, which compared changes after SLT and ALT
in the uveal meshwork part of the TM in autopsy eyes. After ALT, TM structures
detected to be damaged with coagulative destruction, (ablation craters), while in
SLT, minimal mechanical damage of tissues occurred. At the same time, cracking of
intracytoplasmic pigment granules and the disruption of TM endothelial cells were
observed [4]. Signs of destruction and scrolling of trabecular beams at the edges of
laser burns appeared on tissues treated with energy of 2 mJ [7].
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Alvarado JA et al. showed that SLT and prostaglandin (PGA) analogues may
have a common pathway of action by causing intercellular junction disassembly in
Schlemm?’s canal and TM cells in this way increasing aqueous permeability [17, 18].

SLT was evaluated as the first-line therapy by Melamed et al. and McIlraith et
al. in prospective studies and demonstrated reduction of IOP by approximately
30% compared to baseline levels, which is comparable with prostaglandin efficacy
[19-21].

According to Laser in Glaucoma and Ocular Hypertension (LiGHT) Trial, SLT
was found to be a clinically safe and cost-effective procedure as an initial treatment of
open-angle glaucoma (OAG) and ocular hypertension (OHT) at 3 years [22].

SLT is performed using topical anesthetic. The patient sits at the slit lamp; a single
mirror gonioscopic lens (Latina lens) with coupling medium is used. Laser beam is
focused on the pigmented part of TM [18].

A frequency doubled, Q-switched Nd:YAG laser is used during SLT. The wave-
length is 532 nm. Pulse duration is 3 ns, and laser spot size is 400 pm. Pulse energy
ranges from 0.4 to 1.4 mJ [5, 23].

The laser energy is initially set at 0.6 m]J. If cavitation bubbles (“champagne
bubbles”) appear, the energy is reduced by 0.1 mJ increments until the formation of
bubbles is minimal, and treatment is continued at this energy level [5, 23].

Several studies compared treating different degrees of the TM with SLT to see how
it influences IOP lowering [18].

Chen et al. had discovered that there is no difference between the application of
SLT over 90° and 180° using 25 nonoverlapping laser spots per quadrant [24].

Other studies have shown that 180° and 360° laser is more effective than 90° laser.
And the success rate is the highest over 360° SLT [25, 26].

In current practice, typical treatment parameters are 50-100 shots applied over
180°-360° with energy adjusted to 0.6-1.4 mJ and the end point of visible tissue reac-
tion in the form of microbubbles [18, 23].

The indications for SLT include as follows:

Newly diagnosed open-angle glaucoma (OAG) patients,

OHT,

OAG patients uncontrolled on medical treatment,

OAG patients with likely or actual poor compliance or poor tolerance to medical
treatment,

patients with pseudoexfoliation or pigmentary glaucomas,

patients who cannot afford glaucoma medications,

patients who would like to reduce the number of glaucoma medications they are
taking,

patients who do not tolerate glaucoma medications [27, 28].

Current contraindications are as follows:

Inflammatory/uveitic glaucoma;

congenital glaucoma;

poor visualization of the TM;

active uveitis or history of uveitis (relative contraindication);

traumatic glaucoma (relative contraindication);

congenital or early childhood glaucoma (relative contraindication);

primary or secondary angle-closure glaucoma (relative contraindication) [27, 28].
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Contrary to the past theories, Ho et al. have reported that IOP is successfully
decreased by SLT in eyes with primary angle closure and a patent iridotomy in case
when there was a sufficient extent area of visible TM [29].

Some studies have shown that long-term use of topical medication can lead to
conjunctival fibrosis and postoperative bleb dysfunction [30, 31].

Complications of SLT include elevated IOP, iritis, hyphema, macular edema,
foveolar burn. and corneal haze [32].

2. Materials and methods

The aim of the study was to compare the results of using eye drops (a beta-blocker)
with the results of selective laser trabeculoplasty in ocular hypertension.

The retrospective study was conducted among patients who visited Zilfyan Eye
Care Clinic, Yerevan, Armenia, or Shengavit Medical Center, Yerevan, Armenia,
during a period from 2019 to 2022. The clinical records of the patients were reviewed,
and those that met the inclusion criteria were included into the study. Totally, 1473
records were reviewed.

The eligible records were divided into two groups as follows: group 1 (85 eyes)
with treatment-naive patients with ocular hypertension, who received SLT once and
group 2 (52 eyes) where the patients with ocular hypertension have applied a single
type of eye drops for the first time (Timolol 0.5%). The patients were allocated to the
groups taking into account their preferences; this approached random sampling. The
two groups were not significantly different by age and gender characteristics, which
allowed minimizing the confounding factors.

Inclusion criteria were treatment-naive patients with newly diagnosed ocular
hypertension whose intraocular pressure exceeds 21 mmHg, no evidence of glauco-
matous optic neuropathy and no glaucoma changes on Humphrey field analyzer (by
the “SITA” standart algorithm), and who visited the clinic after treatment starting in
1, 3, 6 months, and a year.

Exclusion criteria were any type of glaucoma, any concomitant eye diseases, previ-
ous treatment for ocular hypertension (OHT), any previous eye surgery, and patients
who missed a visit to the clinics after 1, 3, 6 months, or 1 year (incomplete results).

In addition, those patients from SLT group, who had to use eye drops because of not
reaching lower IOP level, were not included into the study.

In the first group, the SLT was done with Q-switched Nd:YAG laser wavelength
532 nm, with a spot size of 400 pm. The laser system was coupled to a slit lamp deliv-
ery system with a helium-neon laser (HeNe) aiming beam. The eye was anesthetized
with topical eye drops (tetracaine hydrochloride 1%). The patient was seated in front
of slit lamp. Latina goniolens with coupling medium (artificial tear gel) was used, and
laser beam was focused on pigmented part of trabecular meshwork. Laser spot size
was 400 pm. Hundred nonoverlapping shots (25 per quadrant) with pulse duration of
3 nanosecond were applied.

The laser energy varies within 0.8-1.3 mJ range. If cavitation bubbles formed, the
energy was decreased by 0.1 mJ, and laser was done at that energy level. If no cavita-
tion bubbles appeared, the pulse energy was increased by 0.1 m]J steps until “cham-
pagne bubbles” formation was observed, then decreased again by 0.1 m)].

After the procedure, anti-inflammatory steroidal eye drops (dexamethasone 0.1%)
were prescribed 4 times a day during 5 days. The patients were examined the next day
afterSLT, in order not to miss the surge of IOP spike, which can occur after SLT.
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The participants of the second group were using a B-blocker 2 times a day (every
12 hours).

In order to prevent poor compliance, the explanation of how and when to use eye
drops was provided to the patients at each visit.

At baseline, visual acuity testing, IOP measurement (I-care manual rebound
tonometer), slit-lamp examination, automated visual field (VF) testing (Humphrey
Field Analyzer, the Swedish Interactive Threshold Algorithm 24-2 program),
gonioscopy, CCT measurement, evaluation of optic disc, macula, and fundus were
performed to all patients.

The IOP was measured with I-care manual rebound tonometer before and after
eye drops or SLT at next day, 1 month later, 3 months later, 6 months later, and 1 year
later.

In cases when target IOP was more than 10 mmHg on the next day after SLT (IOP
spike), a 7-day course of a topical aqueous inhibitor was prescribed.

Two-sample T-test (Welch’s T-test) was used to compare the clinical effect of one-

time SLT and single type of eye drops. A p value of <0.05 was considered statistically
significant.

3. Results

The results were calculated using online statistics calculators: www.calculator.net
and https://www.statskingdom.com/

The baseline characteristics of the study participants include age, gender, and
laterality.

Participant baseline characteristics are shown in Table 1. In the group of SLT, the
average age of the patients was 64.43 years (+ 10.46 years), with more female patients
than male (21.15% male vs. 78.85% female).

Thirty-three patients out of 52 (63.46%) had bilateral OHT, and 19 patients
(36.54%) had unilateral OHT.

In the eye drops group, the average age of the patients was 58.55 years
(+16.24 years), and again, the number of female patients was higher than male
(32.35% male vs. 67.65% female). Eighteen patients out of total 34 (52.94%) had
bilateral OHT, while 16 patients (47.06%) had unilateral OHT (Table1).

The initial mean IOP was 25 mmHg +2.89 (SD) in the group treated with SLT and
24.38 mmHg +2.46 (SD) in the group treated with eye drops. High P-value (0.1833)

Characteristics SLT group Eye drops group
Age (years), Mean (SD) 64.43 + 1046 58.55 + 16.24
Gender (patients), (%) 11 (21.15%) 11 (32.35%)
Male 41 (78.85%) 23 (67.65%)
Female
Laterality (patients), (%) 33 (63.46%) 18 (52.94%)
Both eyes 7 (13.46%) 8 (23.53%)
Right eye 12 (23.08%) 8 (23.53%)
Lefteye

Table 1.

Baseline characteristics of SLT and eye drops groups.
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indicates that the difference between the sample average of initial IOP in 2 groups was
not big enough to be statistically significant (CI = 95%).

The median value was 24 in both groups, and mode was 23 and 22 in SLT group
versus 22 in the group using eye drops (Table 2).

The mean IOP measured 1 month after intervention was 18.4 mmHg + 3.85(SD)
in the first group and 17.94 mmHg+3.97(SD) in the second group. The difference in
treatment effect between the two groups 1 month after the treatment was not signifi-
cant (p = 0.5071) (CI = 95%).

The median value was 19 and 18 and, and the mode was 16 and 15 in first and
second groups, respectively (Table 3).

Three months after the intervention, the mean average slightly decreased to
18.19 mmHg+3.23 (SD) in the first group and 17.48 mmHg + 3.82 (SD) in the second

Initial IOP SLT Eye drops
Number of eyes 85 52
Mean (average) 25 24.38
Median 24 24
Mode 23, 22 (each appeared 17 times) 22 (appeared14 times)
Largest 34 33
Smallest 22 22
Range 12 11
Standard Deviation 2.89 246
Variance 8.35 6.04
Sample Standard Deviation 290 248
Sample Variance 8.45 6.16
Table 2.

Results of IOP evaluation before SLT and eye drops usage.

IOP-after1 month SLT Eye drops
Number of eyes 85 52
Mean (average) 18.49 1794
Median 19 18
Mode 16 (appeared 12 times) 15 (appeared 7 times)
Largest 28 26
Smallest 10 10
Range 18 16
Standard Deviation 3.85 397
Variance 14.85 15.79
Sample Standard Deviation 3.88 4.01
Sample Variance 15.03 16.09
Table 3.

Results of IOP evaluation after 1 month of SLT and eye drops usage.
6
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group. The treatment effect 3 months after intervention again was close in both
groups (p = 0.2664, CI = 95%). The median was 18 and 17, respectively, and the mode
was 18 in the first group and 17 and 14 in the second group (Table 4).

The IOP evaluation after 6 months showed approximately similar mean in the first
and second groups, 18.49 mmHg+3.64 (SD) and 18.6 mmHg +4.15 (SD), respectively
(p = 0.1151, CI = 95%). The median IOP was 18 and the mode 17 in the first group and
19 and 23, respectively, in the second group (Table 5).

The mean IOP measured 1 year after the intervention was 19 mmHg +3.4(SD) in
the SLT group and 19.08 mmHg+4.17(SD) in the group using eye drops. No differ-
ence between the sample averages of 2 groups was found (p = 0.9068, CI = 95%). The
medians were 19 and 20 and modes were 20 and 23, respectively (Table 6).

IOP-after3 months SLT Eye drops
Number of eyes 85 52
Mean (average) 18.19 1748
Median 18 17
Mode 18 (appeared 15 times) 17, 14 (each appeared 7 times)
Largest 27 27
Smallest 10 8
Range 17 19
Standard Deviation 323 3.82
Variance 10.44 14.6
Sample Standard Deviation 3.24 3.86
Sample Variance 10.55 14.88

Table 4.

Results of IOP evaluation after 3 months of SLT and eye drops usage.
IOP-after 6 months SLT Eye drops
Number of eyes 85 52
Mean (average) 18.49 18.6
Median 18 19
Mode 17 (appeared 12 times) 23 (appeared 7 times)
Largest 30 26
Smallest 1 10
Range 19 16
Standard Deviation 362 4.15
Variance 13.07 17.20
Sample Standard Deviation 3.64 419
Sample Variance 1323 1754

Table 5.

Results of IOP evaluation after 6 months of SLT and eye drops usage.
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IOP-after12 months SLT Eye drops
Number of eyes 85 52
Mean (average) 19 19.08
Median 19 20
Mode 20 (appeared 12 times) 23 (appeared 9 times)
Largest 29 28
Smallest 1 10
Range 18 18
Standard Deviation 3.406 413
Variance 11.6 17.04
Sample Standard Deviation 3.426 4.17
Sample Variance 11.74 17.39
Table 6.

Results of IOP evaluation after 12 months of SLT and eye drops usage.

Treatment effect is more visible when expressed in percentage comparing the
initial results with follow up at certain points. Thus, 1 month after the intervention,
the IOP evaluation showed 26.38 and 26.2% decrease in the first and second groups,
respectively. Three months later, the IOP fell down by 27.21% in the SLT group and by
28.1% in the group using eye drops. Further, after 6 months, the IOP reduction was
26.01 and 24.06% in the first and second groups, respectively. Finally, the decrease in
IOP 1 year later was 23.97% in the SLT group and 21.51% in the group using SLT.

4, Conclusion

The results of the study have shown that both SLT and eye drops are effective
methods of ocular hypertension treatment. In both groups, the IOP measures taken
after 1, 3, 6, and 12 months showed reduction for more than 20%.

Comparison of two methods demonstrated no statistically significant difference in
treatment effects. Yet further research with larger sample sizes and longer follow-up
time is advisable.

This study, in difference with other similar studies, focuses on treatment of OHP
cases only, whereas other studies include also glaucoma cases. The value added of the
study therefore is the exploration of effectiveness of glaucoma primary prevention.

SLT is proven to be an effective and convenient IOP reduction method [18].

It helps to solve a problem of poor compliance and side effects of eye drops [33].
Therefore, SLT can be offered as a method of the first choice in treatment of ocular
hypertension.
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and Angle Assessment in Ocular
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Abstract

Ocular hypertension (OHT) is characterized by elevated intraocular pressure
(IOP), without any visible optic nerve damage or visual field loss. The mean normal
intraocular pressure is 15 mm Hg, and the mean intraocular pressure in patients with
untreated glaucoma is 18 mm Hg. However, simply having ocular hypertension does
not necessarily lead to the development of glaucoma, instead, it is deemed a consider-
able risk factor. An example is a person with thick corneas who may have no glauco-
matous damage with an IOP of 24 mm Hg. Thus, early detection and management of
OHT and corneal pachymetry are imperative to help detect higher risk patients with
thinner corneas with ocular hypertension or glaucoma early. The Laroche Glaucoma
calculator is an effective inexpensive method to detect patients with glaucoma,
glaucoma suspects, and ocular hypertensive with a higher risk of thinner corneas
and older age. With respect to the physiology of ocular hypertension, the anterior
chamber angle anatomy serves a crucial role in the regulation of IOP. Gonioscopy is
an important technique for examining the angle structures, which provides essential
information regarding the status of the trabecular meshwork and how this can affect
aqueous outflow. This chapter will further explore the anatomy and physiology of the
anterior chamber angle, specific principles, techniques, and interpretation of gonios-
copy, the significance of early detection as well as the management of OHT.

Keywords: ocular hypertension, intraocular pressure, glaucoma development, risk
factors, gonioscopy

1. Introduction

Ocular hypertension is a condition that is specified by an increase in intraocular
pressure without any visible optic nerve damage or visual field loss [1-5]. The preva-
lence of ocular hypertension is approximately 2.7-3.8% in the general population and
the incidence increases with the onset of age [6]. Ocular hypertension may not always
prevail in development but it is appraised as a significant risk factor regarding the
progression of glaucoma [7].
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2. Anatomy and physiology of anterior chamber angle and aqueous outflow
2.1 Components of the anterior chamber angle

The anterior chamber angle is the region where the cornea, iris, and sclera meet, and
subsequently the aqueous humor drains from the eye. This angle is composed of mul-
tiple structures such as the trabecular meshwork, Sclemm’s canal, iris, ciliary body, and
scleral spur. Primarily the trabecular meshwork regulates the outflow of aqueous humor
from the eye [8]. Specifically, the Schlemm’s canal is characterized as the principal path-
way for aqueous humor. The ciliary body produces aqueous humor and the iris controls
the size of the pupil; as the iris regulates the amount of light entering the eye. While the
scleral spur is a bony ridge that anchors the ciliary body and trabecular meshwork [8].

2.2 Role of the trabecular meshwork in aqueous humor outflow

The trabecular meshwork (TM) (Figure 1) is the most essential part of the
anterior chamber angle as it regulates aqueous humor outflow. It is a specialized tissue
located at the anterior portion of the angle that is responsible for the majority of the
resistance to aqueous humor outflow. The TM contains a meshwork of collagen fibers
and endothelial cells that function to filter the aqueous humor before it flows into
Schlemm? canal [8, 9]. Essentially, Schlemm? canal is a circular canal located around
the circumference of the cornea that behaves as a collector channel for the aqueous
humor to drain into the episcleral venous system [9].

The aqueous humor is generated by the ciliary body and flows through the poste-
rior chamber into the anterior chamber, where it circulates and nourishes the cornea
as well as the lens [8]. The aqueous humor must perpetually flow out of the eye to
maintain a stable IOP. The TM is imperative in regulating the outflow of aqueous
humor. Aqueous humor outflow happens through the mechanism of two different
pathways; the trabecular meshwork pathway and the uveoscleral pathway [10].

Figure 1.
Normal trabecular meshwork, 1-Schwalbe’s Line, 1-Nonpigmented Trabecular Meshwork, 3-Pigmented
Trabecular Meshwork, 4-Scleral spur, 5- Ciliary Body Band (Nidek GS1 Gonioscope).
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Figure 2.
Heavy pigmentation of inferior angle on (Nidek GS1 Gonioscope).

Essentially, the trabecular meshwork pathway is responsible for approximately 75% of
aqueous humor outflow and is mostly regulated by the TM [11].

2.3 Factors that affect angle structures and obstruction of aqueous outflow

The regulation of intraocular eye pressure is an intricate process that involves the
production and drainage of aqueous humor. The trabecular meshwork plays a vital role
in the outflow of aqueous humor, and any obstruction or dysfunction of this structure
can lead to an increase in IOP. A multitude of factors can affect the angle structures
and outflow, including age, genetics, increased lens thickness, inflammation, trauma,
medications, and systemic diseases [2]. The most common cause of outflow obstruc-
tion is the increased thickness of the lens in the eye. This compresses Schlemm?’ canal.
The enlarged lens also leads to narrowing of the angle and increased iridozonular-iris
rubbing, pigment liberation, and pigment obstruction of the trabecular meshwork
(Figure 2) [12]. Cataract surgery expands the Schlemm’s canal and is associated with
the lowering of intraocular pressure [13]. Microinvasive glaucoma surgery bypasses
the obstructed trabecular meshwork further lowering intraocular pressure [14].

3. Gonioscopy: technique and interpretation
3.1 Principles and technique of gonioscopy

Primarily, gonioscopy is a technique for examining the angle structure using a
specialized lens. The procedure involves placing the gonioscope lens on the cornea to
visualize the angle structures. The technique of gonioscopy involves an array of steps,
first, there is patient preparation which is done before performing the gonioscopy,
to adequately explain the procedure to the patient and to receive informed consent
[15]. Furthermore, the eye is numbed with topical anesthetic drops to minimize any
discomfort during the examination. Subsequently, the gonioscope lens is decided
upon as there are multiple lenses available including Goldmann, Sussman, and Zeiss
Lenses. This is selected based on the patient’s anatomy, the examiner’s preference as
well as the level of detail required [16].
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Then a coupling agent, typically a viscous gel or fluid is applied to the cornea
to guarantee an appropriate amount of contact between the gonioscope lens and
the corneal surface. As this enables optimal visualization of the anterior chamber
angle structures of the eye. Furthermore, a gonioscope lens is placed accordingly,
specifically on the cornea, securing that the entirety of the anterior chamber angle is
visible through the lens. Throughout this process, the examiner may adjust as he or
she sees fit [17].

This allows viewing of the angle by overcoming the total internal reflection at
the cornea-air interface. A four-mirror lens is best to be able to perform indenta-
tion gonioscopy to see if there is an appositional vs. synechial closure of the angle.
Indentation gonioscopy cannot be performed with a three-mirror gonioscope lens.
The angle is graded according to the amount of visible trabecular meshwork and the
extent of the angle opening. The grading system ranges from 0 to 4, with 0 indicat-
ing a closed angle and 4 which is characterized by a wide-open angle. The trabecular
meshwork, Schlemm’s canal, iris processes, and angle recesses are further evaluated.
Assessment of these structures provides information regarding the angle width,
presence of peripheral anterior synechiae, neovascularization as well as any patho-
logical changes [18].

3.2 Interpretation of gonioscopic findings

Gonioscopy supplies beneficial information regarding the status of the trabecular
meshwork and the degree of obstruction or dysfunction. The findings can help in the
diagnosis and management of OHT and glaucoma. Anyone with an IOP of 18 mm Hg
or higher should have a gonioscopy performed. For example, a narrow or closed angle
can indicate a higher risk for angle-closure glaucoma, which requires prompt treat-
ment to prevent vision loss. Heavier pigmentation in the inferior angle compared to
the superior angle can be a sign of pigment liberation from lens iris rubbing contrib-
uting to elevated eye pressure [19].

3.3 Common pitfalls and challenges in gonioscopy

Ultimately, gonioscopy is a technique that requires expertise, however, some
quite several pitfalls and challenges impact the accuracy as well as the reliability of
the examination. This ranges from characteristics such as patient factors, technician
factors, variability in angle structures, and the learning curve regarding the exam-
iner. In regard to patient factors, many patients encounter challenges maintaining
steady fixation throughout the procedure, thus leading to suboptimal visualization.
Furthermore, small palpebral fissures, deep-set eyes, or substantial cornea edema can
decrease the probability of attaining proper contact between the goniscope lens and
the cornea [20].

Additionally, the physician’s incorrectly applying the coupling agent or improperly
positioning the gonioscope lens diminished the quality of the gonioscopic view. Hence
the physician’s proficiency in the technique plays a vital role in obtaining reliable and
accurate results. Moreover, the variances in angle structures can primarily be attrib-
uted to age, race, and pathological conditions. Thus, acknowledging these variations
and differentiating them from pathological changes proves to be difficult [18]. Lastly,
examiners typically experience a learning curve concerning the gonioscopy findings,
hence properly grading the angle necessitates experience as well as familiarity with
different angle configurations [21].
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4. Importance of gonioscopy and angle assessment in ocular hypertension
4.1 Role of gonioscopy in diagnosis and monitoring of ocular hypertension

Gonioscopy is pivotal in regarding the diagnosis and monitoring of ocular hyper-
tension. Gonioscopic photos can be taken to educate patients about the findings of
narrowing of the angle or increased pigmentation that may need to be addressed
with an intervention. Medical therapy is often started to lower intraocular pressure.
Currently, earlier cataract surgery and micro-invasive glaucoma surgery can lower
intraocular pressure and reduce medication burden. Subsequently, cataract surgery
has been noted to decrease the prevalence of angle closure [22].

4.2 Importance of angle assessment in predicting risk of glaucoma

Primarily, angle assessment through gonioscopy is necessary for predicting

the risk of developing glaucoma in individuals with ocular hypertension. Previous
research studies have indicated that narrow-angle or angle-closure configurations are
associated with a higher risk of glaucoma development [23]. Patients with narrow
angles require close monitoring and may be candidates for preventive treatment, such
as laser peripheral iridotomy to prevent angle closure and consequent glaucomatous
damage. Recently cataract surgery has been shown to be more effective than laser
iridotomy in angle closure patients and this should be offered earlier to patients [24].

4.3 Relationship between angle status and response to treatment

The angle status of the patient has repercussions for the response to glaucoma
treatment for patients with ocular hypertension. Studies in the past have demon-
strated that angle status can influence the effectiveness of certain treatment modali-
ties, such as medications or surgical interventions [25]. For example, for patients
with open-angle configurations, medical therapy with topical glaucoma medications
targeting the trabecular meshwork or uveoscleral outflow pathways prove to be more
effective in diminishing intraocular pressure. These patients are also eligible for selec-
tive laser trabeculoplasty. Contrastingly, patients with synechial angle closure are not
eligible for laser trabeculoplasty and may be less responsive to topical medications.
They may need goniosynechialysis or trabeculectomy to migitigate angle obstruction
and acquire sufficient intraocular pressure control [26].

5. Risk factors affecting angle structures and outflow
5.1 Age, race, and gender

Primarily, a multitude of risk factors can affect the angle structures and outflow in
the eye. Age is an essential determinator as the anatomical and physiological changes
that transpire with aging can implicate the angle. As individuals increase with age,
the trabecular meshwork becomes reduced efficiency in draining the aqueous humor,
provoking an increased risk for ocular hypertension and glaucoma. The size of the
trabecular meshwork also decreases with age [27].

Race is another risk factor that has a profound impact, as several studies have
demonstrated that specific racial groups, particularly those of African descent have
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a higher prevalence of narrow angles and angle-closure glaucoma. In comparison to
patients of European descent which have an elevated risk of open-angle glaucoma.
These differences demonstrated between patients of different races emphasize the
influence that race has on predicting the risk of glaucoma. Black patients in the
United States, Caribbean, and Africa have decreased access to healthcare and often
present with more advanced glaucoma [28]. Additionally, individuals with more
melinated skin also have brown irises with higher pigment density. In patients with
glaucoma there is greater depigmentation of posterior pigment epithelium of the
iris that can lead to obstruction of the trabecular meshwork [29]. This can be picked
up on gonioscopy.

Furthermore, sex plays a crucial role in the angle structures and outflow. Previous
studies indicated that hormonal differences between male and female individuals
contribute to variations in the risk of developing glaucoma, however, the exact patho-
physiology is not fully understood [30]. For example, many women are put at a higher
risk of developing primary angle-closure glaucoma after menopause due to significant
hormonal changes [30].

5.2 Systemic and ocular conditions

Specific systemic and ocular conditions can impact the angle structures and
outflow, thereby enhancing the possibility of ocular hypertension and glaucoma.
For example, systemic conditions such as diabetes and hypertension can affect the
blood vessel in the eye, including those in the angle [31]. As well as conditions that
cause inflammation, for instance, uveitis or pseudoexfoliation syndrome. These
conditions can impair the angle and subsequently compromise the aqueous humor
outflow [32]. Additionally, ocular conditions such as high myopia and patients
that have had previous eye surgeries, particularly cataract surgery. Moreover, in
regards to high myopia, the elongated shape of the eyeball can potentially cause
mechanical changes in the angle, consequently resulting in increased resistance to
aqueous outflow [33]. Other ophthalmic surgical procedures, mostly those involv-
ing the lens can alter the anatomical configuration of the anterior chamber and
affect the angle [34].

5.3 Medications and lifestyle factors

Multiple medications can have a substantial effect on the angle structures and
outflow dynamics. For example, medications that dilate the pupil can further
narrow the angle and increase the risk of angle-closure glaucoma in susceptible indi-
viduals [35]. This is comparable to other systemic medications such as topiramate,
which are used for migraines or epilepsy and have been associated with angle-
closure glaucoma [36].

Furthermore lifestyle factors, particularly, smoking and excessive alcohol
consumption can contribute to changes in the angle structures and outflow.
Particularly, smoking has been associated with increased lens thickness, cataracts
intraocular pressure, and a higher incidence of developing glaucoma [37]. Alcohol
consumption, mostly heavy drinking can comprise the blood flow to the optic nerve
and negatively impact the drainage of aqueous humor [38]. However, these fac-
tors are characterized as potential risk factors for angle structures and outflow but
individual susceptibility can vary.
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6. Clinical management of ocular hypertension
6.1 Importance of regular monitoring and risk stratification

Close observation and assessment of ocular hypertension are essential for
promptly identifying the etiology and potential interventions to prevent vision
impairments. The Laroche glaucoma calculator helps to identify patients who may
be at increased risk based not only on IOP but also age and central corneal thick-
ness [4]. Thus, the clinical management of ocular hypertension upholds the beliefs
of preventative medicine and involves regular monitoring and risk stratification to
ascertain patients with an elevated risk of developing glaucoma [39]. This typically
includes periodic comprehensive eye examinations, measurement of intraocular
pressure, assessment of the optic nerve, and evaluation of visual fields. Subsequently,
risk stratification aids in recognizing individuals at a higher risk and prioritizing the
management and follow-up of those patients [39].

6.2 Treatment options and goals

The main objective in managing ocular hypertension is to prevent or delay the
onset of glaucoma and the associated vision loss. Treatment decisions are dependent
on the level of intraocular pressure, risk factor, and the presence of structural or
functional changes that are diagnostic of glaucoma. Early cataract surgery and lower
intraocular pressure and reduce the need for medications [40]. In patients who have

Goniotomy
bypassing

obstructed
™

Figure 3.
Goniotomy performed at the time of cataract surgery with Sinskey hook bypassing obstructed trabecular
meshwork at the time of catavact surgery.
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developed mild to moderate glaucoma, early cataract surgery and microinvasive
glaucoma surgery can lower intraocular pressure and reduce medication burden
(Figure 3) [41]. Other treatment options include topical therapy and laser proce-
dures, for example, selective laser trabeculoplasty of surgical interventions such as
glaucoma filtering surgery.

However, the main objective of treatment is to reduce intraocular pressure to a
level that diminishes the risk of glaucoma progression. The target intraocular pressure
is specific to the patient as it is dependent on individual risk factors such as the extent
of optic nerve damage, the patient’s baseline intraocular pressure, and the other risk
factors [39]. Clinicians approach lowering the intraocular pressure by decreasing
aqueous humor production or increasing its outflow. Ultimately, the treatment plan
is individualized to the patient considering medication compliance and potential
adverse complications.

6.3 Role of gonioscopy in treatment decision making

Gionoscopy proves to be an essential contribution to the treatment plan in
patients with ocular hypertension. As it aids in the assessment of the angle struc-
tures and provides beneficial insights regarding the status of the trabecular mesh-
work and the presence of angle abnormalities or pathology. In addition, it assists
the clinician in determining a prognosis. For example, if gonioscopy discloses a nar-
row or closed angle it may suggest a higher risk of angle-closure glaucoma, which
requires immediate intervention to prevent permanent vision loss. Heavy pigment
in the angle due to pigment liberation from the thickened lens rubbing against the
posterior iris may have one consider earlier cataract surgery and micro-invasive
glaucoma surgery [41]. Furthermore, gonioscopy helps to identify specific angle
abnormalities such as peripheral anterior synechiae or neovascularization which
may have implications for treatment planning. The presence of neovascularization
of the angle may require pan-retinal laser, anti-VEGF treatment and a glaucoma
tube shunt [42].

Thereby, by providing detailed information about the angle structures, gonioscopy
aids in individualizing treatment strategies and monitoring the response to treatment
[43]. Clinicians can target specific angle abnormalities and optimize the management
of ocular hypertension.

In summary, gonioscopy is pivotal in this process by providing valuable informa-
tion about the angle structures and influencing treatment choices [43]. Thus by
incorporating gonioscopy findings into the management plan, clinicians can optimize
the care for patients and reduce the risk of glaucoma progression.

7. Future directions and challenges
7.1 Emerging technologies in angle assessment and imaging

The field of angle assessment is continuously evolving, undergoing advancements
in imaging and the new emergence of technologies offers fruitful advancements in
the diagnosis and management of ocular conditions [44]. The main objective of these
new advancements in technology provide more detailed and comprehensive infor-
mation concerning the anterior chamber angle, resulting in improved accuracy and
precision in the evaluation of angle structures and outflow [45].
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Moreover, the emerging technologies in angle assessment such as anterior segment
optical coherence tomography provide the opportunity for high-resolution imaging
of the anterior segment, which supplies detailed cross-sectional images of the angle
structures [45]. This non-invasive imaging technique has the capacity to strengthen
the evaluation of the trabecular meshwork, iris configuration, and angle dimensions,
contributing beneficial observations for diagnosis and treatment planning [45].

An alternative sphere of advancement is the expansion of novel imaging modali-
ties, including swept-source OCT and ultrasound biomicroscopy [46]. These tech-
niques permit clinicians to visualize and analyze angle structures with improved
depth penetration and resolution, facilitating complete analysis of the anterior
chamber angle [45].

7.2 Addressing disparities in access to care and screening

Although advancements in technology demonstrate prospects for enhancing angle
assessment, thus it is imperative to address disparities in access to care and screen-
ing [47]. Disparities in healthcare access, mostly amongst underserved populations,
can postpone diagnosis and cause improper ocular conditions which include ocular
hypertension and glaucoma [48, 49]. Thereby, community outreach programs,
education campaigns, and collaborations between healthcare providers and com-
munity organizations aid in improving access to care and promoting early detection
and intervention [50]. It is important for the industry to invest in media that often
has a greater reach to higher-risk populations, more specifically Black patients as they
disportiontely experience decreased access to care. It is also important to train more
Black ophthalmologists and optometrists globally to meet the needs of Black commu-
nities around the world [51].

Remote screening programs, teleophthalmology, and digital health platforms can
promote the early identification of patients at risk, granting time-efficient referrals
for additional assessment and supervision [52]. Through the implementation of
remote monitoring clinicians can monitor a patients intraocular pressure levels which
allows for early detection of increases that can predispose patients to the onset of
glaucoma [52].

7.3 Research priorities

Furthermore, determining research priorities is vital to propel advancements in
the fields of gonioscopy and angle assessment. Numerous research priorities need
to be addressed which include validation and standardization of grading systems,
longitudinal studies, predictive models, cost-effectiveness analysis, patient-centered
outcomes and quality-of-life measures [53]. Essentially, there is a demand for stan-
dardized and validated grading systems for evaluating the angle structures through
gonioscopy. Consensus on terminology, definitions, and grading criteria will improve
the consistency and conformity of findings across different studies [54]. Additionally,
long-term studies are necessary to deepen comprehension between angle status, pro-
gression of ocular hypertension, and the development of glaucoma. Predictive models
that incorporate multiple elements contributing to the risk factors can help identify
individuals who are the most likely to benefit from early intervention [55].

Furthermore, assessing the cost-effectiveness of different screening and man-
agement strategies is essential for resource allocation and decision-making [56].
Examining the economic impact of implementing new technologies and interventions
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can help navigate healthcare policies and ensure the efficient allocation of healthcare
resources [57]. Research should propel investigations regarding the development of
patient-centered interventions and support systems. By confronting these research
priorities, the field can make significant strides in optimizing the accuracy and effec-
tiveness of angle assessment, mitigating differences in access to care, and improving
patient outcomes in ocular hypertension and glaucoma management.

8. Conclusion

In conclusion, gonioscopy and angle assessment are imperative in managing
ocular hypertension, a substantial risk factor for glaucoma and vision loss. Thus,
comprehending the anterior chamber angle anatomy and physiology provides
insights into outflow mechanisms and factors implicating angle structures.
Gonioscopy provides visualizing and grading of the angle, assisting in diagnosis,
monitoring, and treatment decisions. Risk factors including age, race, gender, and
systemic conditions influence angle structures. Thus, consistent surveillance and
treatment prioritize focusing on reducing intraocular pressure and preserving optic
nerve health. Developing technologies and addressing disparities in care improve
evaluation and access.

In summary, gonioscopy and angle assessment are imperative concerning ocular
hypertension management. Gonioscopy assists with identifying the diagnosis and
monitoring of ocular hypertension. This contributes sufficient information for the
risk prediction of glaucoma and impacts treatment decisions [43]. With the incorpo-
ration of gonioscopy into the assessment of patients with ocular hypertension clini-
cians can obtain vital insights into the angling status, which permits appropriate risk
stratification and personalized treatment approaches [15].
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Risk Factors for Increased
Intraocular Pressure and
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Robot-Assisted Laparoscopic
Prostatectomy
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Abstract

Robot-assisted laparoscopic prostatectomy (RALP) is the most effective
treatment option for prostate cancer. Special conditions of the operation affect intra-
ocular pressure (IOP). The purpose of this review was to systematize new data on
changes in IOP during RALP, to review the ophthalmic complications related to the
robot-assisted approach, and to suggest measures to avoid such issues. A systematic
search for articles of the contemporary literature was performed in PubMed
database for complications in RALP procedures focused on positioning, access, and
operative technique considerations. Several complications in RALP procedures can be
avoided if the surgical team follows some key steps. Adequate patient positioning
must avoid skin, peripheral nerve, and muscle injuries, and ocular and cognitive
complications mainly related to steep Trendelenburg positioning in pelvic
procedures. The robotic surgical team must be careful and work together to avoid
possible complications. This review offers the first assessment of perioperative
changes in IOP and ophthalmic complications during RALP and several steps in
surgical planning to reach this goal. Further studies with a longer follow-up period are
necessary to determine the clinical efficacy and safety of various types of general
anesthesia.

Keywords: prostate cancer, radical prostatectomy, robotic surgery, Trendelenburg
position, intraocular pressure

1. Introduction

Minimally invasive surgery, including robot-assisted laparoscopic approaches,
has been promoted in a hope that their use would reduce surgical complications. Since
the Intuitive da Vinci system (Intuitive Surgical Inc., Sunnyvale, CA, USA) was
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approved for use in 2000, robotic surgery has increasingly become the standard
procedure for the management of a broad range of common surgical procedures
from general and colorectal surgery to urogynecological procedures [1]. The use of
robotic surgery accounted for only 1.8% of all general surgery procedures in 2012,
and this increased to 15.1% by 2018 [2]. Robotic surgery is attractive for several
reasons, such as laparoscopic surgery, it offers smaller incisions, a lower risk of
infection, a shorter hospital stays, and a shorter convalescence than its open
counterpart. In addition, unlike laparoscopic surgery, robotic approach has the
advantage of increasing surgical dexterity due to the increased degrees of freedom
of the instruments. Robot-assisted laparoscopic radical prostatectomy (RALP) is now
in widespread use for the management of localized prostate cancer. With the increas-
ing popularity, frequency, and acceptance of the RALP procedure, an awareness of
unique intra- and postoperative complications is heightened. There are few specific
reports of the limitations and complications of RALP, including that of increases in
intraocular pressure (IOP). RALP requires specific body condition, in which the
patients must be placed in a steep (23-45°) Trendelenburg position (sTp). Gravity
allows the abdominal viscera to be pulled away from the pelvic cavity, resulting in a
clearer operating field. However, this positioning may lead to complications, with
several ocular complications having been reported since the inception of robotic-
assisted surgery. The risk of perioperative complications is increased by incorrect
patient positioning, inadequate fixation, or even a long time in the proper patient
positioning.

This review outlines general procedures most likely to develop damaging IOP
levels and their causative factors, the effect of anesthetic agents and techniques on
IOP, recent scientific evidence highlighting the significance of perfusion changes
during surgery, key aspects of postoperative visual loss and management
approaches for high-risk patients presenting for surgery, and to assess the ophthalmic
complications related specifically to the RALP and to suggest measures of how to
avoid them.

2. Postoperative vision loss
2.1 Incidence of postoperative vision loss

Getting blind after recovery from general anesthesia in patients who undergo
RALP is a very rare (0.02-0.1%) but catastrophic complication of robotic surgery
[3, 4]. The first description of perioperative visual loss (POVL) in Medline was
published in 1950 [5]. A serious ophthalmic consequence, namely the retinal
detachment attributed to sTp, was first reported in 1952 [6]. The penetration
of robotic technology in various surgical fields increased ophthalmic
complications. In recent years, cases of POVL with non-ophthalmic surgery have
been reported, but the exact incidence of POVL is unknown because the data
come largely from retrospective studies and case reports [7, 8]. The incidence of
POVL following non-ocular surgery has been estimated to be as low as 0.0002%
and as high as 0.2% [9]. The number of cases reported POVL registry yearly
has been decreasing from a peak in 2000 and has been dropping since. It is
probably due to a reduction in operative times along with intraoperative blood
transfusion [10]. Although the incidence is extremely low, the prognosis is extremely
poor [11].
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2.2 Etiology of postoperative vision loss

The most common neuro-ophthalmologic causes of POVL are ischemic optic
neuropathies (ION), followed by central retinal arteria occlusion [12, 13]. The etiology
of POVL is multifactorial and intricately interrelated with patient, anesthetic, and
surgical factors [14]. The integrity of the delicate structures of the eye that mediate
vision is dependent on the IOP. Ocular perfusion pressure (OPP) depends on the
difference between mean arterial pressure (MAP) and IOP, so intraoperative IOP
elevation is a risk factor for postoperative blindness. Yet, IOP acts to compress the
vessels within the globe akin to a Starling resistor and is a key component that
determines the OPP. Venous congestion and decreased optic nerve perfusion in the
absence of cerebrovascular and ocular circulatory autoregulation in an anesthetized
patient contribute to the development of ION, leading to POVL [15]. Multiple factors
have been proposed as risk for intraoperative IOP elevation and ocular perfusion
imbalance, including the head positioning [16]. sTp combined with
pneumoperitoneum caused an increase in IOP, reduced ocular perfusion, and possibly
POVL. These rapid fluctuations in IOP and perfusion play a role in the pathogenesis of
the visual field defects and associated ocular morbidity that frequently complicate
otherwise uneventful surgeries [17]. When IOP is significantly elevated in the setting
of glaucoma or prolonged sTp, it is important to maintain stable ocular perfusion by
increasing MAP or decreasing IOP. The potentially negative vascular occlusive effects
of elevated IOP are more likely to affect patients who experience episodes of
decreased OPP due to systemic hypotension. This may result from the hypotensive
effects of anesthesia or episodes of intraoperative hypotension. Given the unique
patient’s sTp during RALP, ocular complications may be more likely to occur second-
ary to physiologic changes that occur within the eye itself.

The retina is one of the most metabolically active tissues in the body, and its
functional integrity is dependent on an adequate blood supply with retinal
function linearly related to the OPP. Retinal cell death has been demonstrated at
OPP below 50 mmHg. Marked elevations of IOP (up to 4-5 times the normal value)
with consequent borderline retinal and optic disk perfusion pressures occur for
prolonged periods during many procedures, including RALP, especially, with their
demand for sTp and/or hypotensive anesthesia, can induce IOP changes and ocular
perfusion imbalance. The exact etiology of such outcomes is multifactorial, but ocular
hypoperfusion plays a significant and frequently avoidable role. Those with
preexisting compromised ocular blood flow are especially vulnerable to
intraoperative ischemia, including those with hypertension, diabetes,
atherosclerosis, or glaucoma. However, overly aggressive management of MAP and
IOP may not be possible given a patient’s comorbidity status, and it potentially
exposes the patient to risk of catastrophic choroidal hemorrhage. Anesthetic
management significantly influences the pressure changes in the eye throughout the
perioperative period. Strategies to safeguard retinal perfusion, reduce the ischemic
risk, and minimize the potential for expulsive bleeding must be central to the anes-
thetic techniques selected [17].

2.3 Risk factors for postoperative vision loss

Numerous risk factors for POVL have been identified that include older patients
with elevated baseline IOP, patients with hypertension, diabetes, obesity, anemia,
vascular disease, increased blood viscosity, and patients who smoke, as well as
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patients who experience intraoperative hypotension, blood transfusion, lower colloid
use during fluid administration or prolonged surgical times, and patients who are
positioned on horseshoe-shaped headrests [18]. Patients with angle-closure glaucoma
are also at high risk for ocular injury even during short procedures [19].

In 2007, a case of a 62-year-old patient who developed ION with complete bilateral
loss of vision after a robotic-assisted procedure lasting 6 hour 35 minutes was first
reported [20]. ION was described in a 58-year-old man after laparoscopic
sigmoidectomy lasting more than 6 hours. It was postulated that the patient suffered
from hypotension in conjunction with an acute increase in IOP due to prolonged sTp
[21]. Another mean operation time from skin incision to fascial closure reported was
105 min (range, 55-300) [22]. In this study, the mean was 5.46 hour£60.3 minutes,
but similar to the 5.3 + 1.0 hour reported earlier [23].

Although definitive evidence is lacking, the quantity of blood loss may be a risk for
the occurrence of ION. The mean estimated blood loss (EBL) reported from 1500
consecutive cases was 111 mL (range, 50-500 mL) [22]. In a 62-year-old patient who
developed ION, the EBL was 1200 mL [20]. In one study, the mean EBL was
350 + 343 mL, with no cases of ION. On the other hand, one patient became blind
after laparoscopic prostatectomy even without observed hypotension, hemodilution,
metabolic disorders, or extreme blood loss, and baseline IOP and time spent in sTp
were identified as the only factors predicting an increase in IOP [13]. Recently, a rare
case of non-arteritic anterior ION in 58-year-old female patient following robotic-
assisted hysterectomy was presented. On fundoscopy optic disc edema and splinter
hemorrhages at the optic disc edges were observed. Fluorescein angiography showed
hypofluorescence of the optic disc in the early phases due to filling delay followed by
hyperfluorescence with leakage from disc capillaries in the late phases of the angio-
gram. So, this case of ION is an uncommon cause of POVL after robotic surgery [24].
The case of a 34-year-old female who underwent an uneventful laparoscopic hyster-
ectomy and suffered from complete POVL following the operation was recently
presented. Operating time was 174 minutes, and EBL was 75 mL. No cerebral hemor-
rhage or ischemia was detected on imaging. Funduscopic exam revealed no structural
abnormalities. The following morning, she reported mild light perception. Later that
night, she reported a partial return of visual acuity and was discharged home. At her
two-week postoperative visit, her vision had returned to baseline [25].

3. Robotic-assisted laparoscopic prostatectomy
3.1 I0P changes during minimally invasive surgery

IOP is regulated by aqueous humor production, aqueous humor drainage,
autoregulation and control of choroidal blood volume, vitreous humor volume, and
extraocular muscle tone [17]. While the production of aqueous humor is stable, the
outflow of aqueous humor to the venous system may be affected by choroidal blood
volume, vitreous humor volume, and extraocular muscle tone. Many surgical pro-
cedures require pneumoperitoneum, where the air is insufflated into the abdominal
cavity and subsequent head-down position, where the patient is positioned supine on
the table with the head tilted below the feet at an angle of roughly 16-degree, and up
to 25-40-degree in sTp, both can cause hemodynamic alterations that may influence
IOP increasing venous congestion. After induction of anesthesia, there is an initial IOP
decrease from baseline (IOP is reduced significantly more by propofol compared to
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volatile anesthetics) followed by a slight increase after insufflation of
pneumoperitoneum. Afterward, the venous congestion increases both central venous
pressure (CVP) and IOP. The latter increases in a time-dependent manner: mean IOP
doubling within 60 minutes and, in 25% of cases, tripling within 120 minutes. This
IOP increase may be exacerbated by the pneumoperitoneum-induced increase in
partial pressure of carbon dioxide (PaCO,) [23]. Indeed, the carbon dioxide (CO,)
insufflation leads to an increase in IOP due to decreased venous return and increased
episcleral venous pressure. An increase in CM3, which is then, in turn, transmitted to
the episcleral veins and from these to the capillaries and arterioles, also contributes to
decreased optic nerve and ocular perfusion. The choroidal expansion may also lead to
elevation [26]. This increased IOP then leads to decreased OPP. IOP, however, nor-
mally plateaus after about 30-60 minutes and decreases after return to the supine
position. As the pneumoperitoneum can cause an increase in intraoperative IOP, one
study compared IOP following extraperitoneal CO, insufflation and intraperitoneal
CO, insufflation for the laparoscopic procedure. The change in intraoperative IOP was
not statistically significant in either group, or there was no significant difference in
intraoperative IOP change between the groups [27].

sTp is frequently used during minimally invasive surgery. IOP changes during
laparoscopic or robotic hysterectomy conducted in the sTp were prospectively evalu-
ated in 10 female patients with no history of ocular pathology [28]. There was a
statistically significant trend of increasing the IOP from baseline to the second hour of
sTp. The IOP remained significantly elevated once the patient was returned to the
supine position.

Changes, in IOP depending on different positioning, were compared in patients
without eye disease undergoing laparoscopic operations requiring sTp or reverse
Trendelenburg tilt. A significant decrease in IOP was observed after the establishment
of anesthesia irrespective of the combination of anesthetic agents employed. Elevation
in IOP after abdominal insufflation with CO, to create pneumoperitoneum was
observed in all patients with a trend toward a greater increase in IOP with standard
sTp compared to a reverse Trendelenburg tilt, which was associated with a slight
reduction in IOP in several patients. These changes were reversed in patients when
intra-abdominal pressure (IAP) was not more than 14 mmHg, and operative time
was not beyond 90 minutes. None of these required treatment on follow-up with
resolution of the increase in all instances. These findings suggest that sTp and
prolonged length of surgery are more important factors in attaining more
dangerous elevations of IOP than the standard pneumoperitoneum induction for
routine cases [29].

Current surgical robotics platforms, starting with the da Vinci® Si™ and certainly
with the da Vinci® Xi™, allow one to easily obviate the risks associated with lithot-
omy positioning by performing RALP in supine. A majority of surgeons continue to
perform robotic prostatectomy in lithotomy, although nearly two-thirds have access
to the Xi system. It remains the standard approach to RALP despite advances in
robotics that have allowed for greater flexibility in positioning and operative planning.
The first survey of surgeons’ perspectives on RALP positioning has shown that sur-
geons have not been adopting supine positioning. Only 22% of all respondents used
supine positioning, and only half had considered it. The biggest reason for position
choice appears to be the convenience to the surgical team, and this may be related in
part to training inertia. Given the significant physiologic changes associated with
positioning, the modern robotic surgeon should be familiar with positioning options
offered by contemporary technologies, and surgeon and surgical team education
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efforts should be aimed at overcoming hesitation due to practice-inertia and toward
greater creativity [30].

3.2 Risk factors for increasing IOP during sTp

Multiple intraoperative factors affect the IOP increase during pneumoperitoneum
in the sTp: end-tidal carbon dioxide (EtCO,), CVP, MAP, peak airway pressure
(PAP), transperitoneal absorption of CO,, intra-abdominal pressure (IAP), and dura-
tion of surgery (DoS) (Table 1). A combination of these factors, possibly together
with abnormal self-regulation in the posterior portion of the optic nerve, pro-
thrombotic trends, and other specific patient factors, can lead to enough decreased
oxygen supply to the optical nerve to cause ischemic injury. Additionally, there may
be a potential link between prolonged increase in ICP from sTp and
pneumoperitoneum and short-term postoperative cognitive impairment [38].

With the aim to explore different trends of IOP change patterns and its related
factors, IOP measurements were performed at different time points in four clinical
common (lithotomy, lateral, prone, and supine) surgical positions during the pelvic or
abdominal surgeries using laparoscopic techniques [39]. The surgical lithotomy posi-
tion after the CO, pneumoperitoneum was changed to have different angles with
head-low and foot-high positions. After 10 minutes of position change, IOP tended to
rise. The reasons were that: (1) the thoracic pressure increased due to diaphragmatic
elevation after the CO, pneumoperitoneum, (2) the anesthesiologist increased the
ventilation volume/min to maintain end-tidal carbon dioxide (EtCO,) in a reasonable
range and the airway pressure elevation was transmitted to the thoracic cavity,
increasing CVP, (3) the low head position also increased the volume of blood
returning to the heart, which increased the venous pressure in the head and face,
causing obstruction of venous return in the eye and head, resulting in the pressure
increase in episcleral vein, and leading to pressure increase in IOP. Postural position
for the surgery played a role in IOP change. After postural changes, the body main-
tains hemodynamic stability through a series of complex regulatory mechanisms,
including the self-regulation system, venous and arterial systems, and neural reflexes.
However, this regulatory mechanism was weakened under anesthesia so healthcare
workers needed to understand the pattern of IOP changes in different surgical
positions.

The negative effect of sTp was shown when compared IOP peaks in patients with
healthy eyes who underwent RALP in sTp versus patients who underwent “open” or
laparoscopic access in a supine position. A statistically significant increase in IOP was
observed during RALP using sTp [40].

A systematic review of the studies on both elective patients and healthy non-
anesthetized volunteers in the spinal, neurosurgical, and urological fields was identi-
fied, which explored the changes in IOP according to patient positioning, all reported
significant rises in IOP in both head-down and prone positioning g, and the strongest
effects were seen in those patients placed in combined head-down and prone position.
Rises in IOP were time-dependent in all studies. Patients undergoing laparoscopic
colorectal surgery in a prolonged head-down position were likely to experience raised
IOP, and thus were at risk of POVL [41].

In another study, using univariate mixed effects models, PAP, MAP, EtCO,, and
DoS were significant predictors of the IOP increase, whereas age, BMI, EBL, volume
of fluid administered, mean airway pressure, and desflurane concentration were not
predictive. Surgical duration and EtCO, were the only significant variables predicting
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changes in IOP during stable and prolonged sTp. Indeed, the continued absorption of
intraperitoneal CO,, resulting in increased PaCO, and leading to vasodilation in the
choroid plexus and an increase in IOP. Positive association between PAP and IOP
throughout surgery, but not an increase over time was also shown. The proposed
mechanism is that an increase in IOP leads to an increase in CVP, which can reduce
the outflow of intraocular fluid through the episcleral veins and increase IOP [31].

Although prior studies have reported that pneumoperitoneum may increase IOP, it
is not clear whether this increase is related to the effects of pneumoperitoneum or to
the sTp. One study aimed to evaluate the potential fluctuations of IOP during colo-
rectal laparoscopic surgery in two groups of patients: those with and those without
sTp. In all the patients, standard pneumoperitoneum (<14 mmHg) induction led to a
mild rise in IOP. The patients with Trendelenburg positioning showed a greater
increase than the patients without it, but IOP evaluation 48 hours after surgery
showed no substantial differences between the two groups. At the multivariate analy-
sis, no potential predictors of increased IOP during surgery were identified. Thus, the
patient’s position during surgery may represent a stronger risk factor for IOP increase
than pneumoperitoneum-related IAP [42].

The effect of sTp on IOP was examined during RALP. The highest IOP values were
reached at sTp and intraperitoneal insufflation measurement time. Resistance index of
the central retinal artery values was different, while impedance index of the central
retinal vein values remained similar when patients were supine and awake and were
anesthetized. Despite a long time of stay in sTp, the risk of ophthalmic complications
was low [43].

sTp and pneumoperitoneum increased IOP directly proportional to the angle of tilt
of the Trendelenburg position. Furthermore, the proportional lowering of OPP was
directly correlated to the angle of tilt of the Trendelenburg position from the induc-
tion of anesthesia until the end of the procedure, but there is no agreement on the
exact effects of MAP and IOP on blood flow in optic nerve [35].

Body mass index (BMI) was significantly correlated with IOP levels in patients,
undergoing RALP performed with the sTp at baseline, 30, 60, and 90 minutes, and at
the final time points when the surgery was finished. When the IOP levels were
compared between the patients with BMI of 35 kg/m? and lower and the patients with
BMI higher than 35 kg/ m?, the higher BMI patients had significantly higher levels of
IOP. Patients’ age was also positively correlated with IOP [33]. In contrast, one study
demonstrated that age, BMI, DoS, and sTp did not affect IOP. Univariate mixed
effects models showed PAP and MAP to be significant predictors for IOP increase
[26]. Data from a study support that IOP significantly increases in a time-dependent
manner after sTp in anesthetized patients undergoing RALP. Multiple perioperative
factors are believed to be involved in controlling the increase in IOP during surgery,
but there was no significant relationship between the changes in IOP and the age and
BMI in this cohort [44]. In participants without a history of eye disease or eye surgery
who underwent laparoscopic prostatectomy, bowel, and hysterectomy surgical pro-
cedures in sTp for a minimum of 120 minutes, the IOP increased from a range of 9 to
28 mmHg in the supine position to 25 to 54 mmHg at 120 minutes in sTp. About half
cases were followed up through 3.5 hours of surgery in sTp. Ending IOP in the supine
position was statistically significantly higher than baseline IOP. In 26% of cases, IOP
tripled within 2 hours in sTp. Ocular perfusion pressure dropped below IOP in this
greater than 30 BMI kg/m” patient population. There was a significant correlation of
increase in mean IOP as time progressed. Several patients complained of blurred
vision for a period following surgery, but POVL was not present [13].
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Despite no patient experienced any ocular complications related to IOP increase,
including ION, IOP was noted to increase in a time-dependent fashion. Along with
previous reports, this suggests that longer operation times may induce substantially
more risk for harmful IOP increases [32]. In the present study, IOP increased when
patients were in sTp, and it was thereafter elevated in a time-dependent manner
during sTp. In addition, the console time significantly affected the increase in IOP
during RALP at a cut-off of 4 hours. So, to prevent a marked elevation of IOP in men
undergoing RALP, a console time of <4 hours is important. Without a long console
time, the use of RALP may be expanded to men having a high baseline IOP without
compromising safety [37].

Based on the univariate linear regression during the CO, pneumoperitoneum in the
sTp period, BMI, PAP, total CO, amount, and IAP were significant predictors of IOP
changes, positively correlated with IOP. Multivariate analysis revealed that the only
significant predictor of IOP was IAP. A possible explanation may be that a low IAP led to
a decrease in the peritoneal CO, absorption and PAP, which may have attenuated the
IOP increase [34]. Contrary, despite the fact that MAP, EtCO,, and airway pressure
remained consistently at the same level throughout the RALP and IOP levels still
increased. But, there was no relation between rise in IOP and change in MAP, airway
pressure, and EtCO, during surgery. Thus, this rise in IOP may be due to the
obstruction in aqueous outflow in sTp with normal production and absorption of aqueous
fluid. As the normalization of IOP occurs after normalization of patient posture, it can
only be explained by sudden release of outflow obstruction of fluid leading to fall in
pressure [36].

Regarding the contribution of preexisting retinal and/or central nervous system
comorbidities on the risk of ophthalmic complications s following RALP with sTp,
outcomes of patients with previous retinal surgery, cerebrovascular events, aneu-
rysms, neurosurgery, and externally healthy comparators were compared—no retinal
or CNS-related perioperative complications were reported in either the study or
control groups [45]. In this study, IOP was not routinely recorded during the pre-,
post-, or perioperative periods and, as such, it is unclear as to whether changes in IOP
contributed to the incidence of retinal and CNS-related complications.

4. Anesthetic concerns for RALP

With the advent of robotic surgery, the physiologic change after
pneumoperitoneum and sTp affect IOP. Use of the da Vinci surgical system requires
additional precautions not normally needed for other laparoscopic procedures. For the
anesthesiologist, robotic surgery comes with the following challenges: sTp to provide
the best field of view for the surgeon, longer duration of pneumoperitoneum, and
limited access to the patient after robot docking [46, 47]. This combination affects
ocular, homeostasis, and leads to devastating ION. The anesthetic management of
RALP patients involves a careful positioning on the operative table and appropriate
fluid management [48]. RALP presents a challenge for anesthesiologist due to poten-
tially serious inherent complications because of sTp and pneumoperitoneum during
the procedure, therefore, anesthesiologists need to be fully aware of, prepared to
handle, the challenges generated by this new technology, and manage the associated
complications [49-55].

RALP has the following principal downside: a steep learning curve, although
acceptable operative times can be achieved in <20 cases, and positive surgical margin
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rates may require experience with >80 cases before a plateau is achieved. The
significant learning curve should not be understated [56]. A highly experienced
surgeon can perform a RALP in about 105 minutes with a minimum blood loss of

111 ml [22]. But, every urologist needs to perform more than 150 operations to

learn how to manipulate unfamiliar instruments and get used to a limited vision field.
Until the operation is fully mastered by the surgeon, the time of surgical work can be
multiplied, and blood loss will increase. As a result, complications may occur more
frequently [57]. These data demonstrate the lowest IOP value in the supine

position and the highest in sTp, regardless of the type of anesthesia. Almost all studies
were conducted at 30-degree up to 35-degree sTp. The surgeon’s working conditions
are better, the steeper the positioning, the better the intra-abdominal view, and
probably less bleeding. Hypotheses from previous studies show that patients placed
in sTp for several hours have a high risk of ocular changes and perioperative
complications.

IOP increases significantly between abdominal insufflation in supine position and
240 minutes of sTp. The greatest increase in IOP occurs within 5 minutes of placing
the patient into the sTp and continues to increase significantly, while the patient is in
sTp. IOP increases of the magnitude found in systematic review and meta-analysis
demonstrate the need for implementing intraoperative interventions to mitigate the
increase in IOP and reduce the risk for postoperative vision loss and other ocular
complications in patients undergoing surgery in the sTp [58].

4.1 Anesthetic regimens during RALP

Anesthesia for patients undergoing robotic-assisted surgery is different from anes-
thesia for patients undergoing open or laparoscopic surgery, and new anesthetic
concerns accompany robotic surgery. These concerns include physiological effects of
fixed extreme positioning of the patient over a long time, pneumoperitoneum, and the
need for carefully monitored relaxation of the patient. There is interest for prospective
studies assessing perioperative ocular and visual events that add knowledge to the
perioperative behavior of IOP in different types of surgery. Inhalation anesthesia with
both sevoflurane and desflurane, as well as total intravenous anesthesia with propofol,
are widely used in laparoscopic and robot-assisted procedures [59, 60]. There are no
restrictions in the choice of the anesthetics [61].

Earlier, a systematic review with meta-analysis of 20 randomized controlled trials
(RCT) comparing the effects of propofol-based total intravenous anesthesia (TIVA) and
volatile anesthesia on IOP during laparoscopic surgery, including lower abdominal, colo-
rectal, RALP (one study), cholecystectomy, pelvic and gynecological surgery, ophthalmic
surgery, and spine surgery in the prone position was conducted. The mean IOP was
significantly lower in the TIVA group after intubation, pneumoperitoneum, sTp, and
lateral decubitus positioning. So, propofol-based TIVA is more effective during surgery at
attenuating the elevation of IOP and should be considered in at-risk patients [62].

We found 14 full-text articles describing the effect of sTp on IOP during RALP
under volatile or intravenous anesthesia. The included articles consisted of 13 prospec-
tive observational studies [23, 26, 31, 32, 35, 36, 40, 44, 63-68] and one clinical study
(Table 2) [68]. All studies were prospective single-centered. As an intervention, there
was a RCT of the effect of volatile versus intravenous anesthesia. The review did not
include conference abstract because of the insufficient information for assessment of
the quality of evidence [69], one article in Japanese [70], and one study with only
graphically presented IOP levels [38].
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The IOP value was 13.3 + 0.58 mmHg higher on average at the end of the period of
sTp compared with the supine position. One patient maintained significantly
increased pressure and represented an outlier. However, adverse ophthalmic conse-
quences of intraoperative changes in IOP were not identified [31].

The mean IOP increased three-fold time-dependently from 9.8 mmHg to
24.2 mmHg and a maximum of 36 mmHg after 4 hours of surgery. Not any statisti-
cally significant ocular complications related to IOP increase (changes of the retinal
nerve fiber layer thickness or visual acuity) were observed [32].

Based on the results of RCT, it was reported that propofol-based TIVA was more
effective than sevoflurane-based inhalational anesthesia in attenuating IOP increase
during RALP with pneumoperitoneum and sTp. IOP was significantly less immedi-
ately after establishing pneumoperitoneum, 30 minutes after sTp, and 5 minutes after
tracheal extubation in the operating room [68].

Significant elevations of IOP were experienced during robotic surgery utilizing sTp
in patients with healthy eyes, operated under inhalation anesthesia of 17 up to
53 mmHg at 60 minutes of surgery, 24 up to 52 mmHg, and 24 to 55 mmHg at 150 and
240 minutes, respectively. There were no significant changes in retinal nerve fiber
layer thickness and Humphrey visual field pattern [40].

Transient but significant unilateral visual field defects were found in 28% of the
patients after RALP dominantly in the lower hemifield without abnormal findings in
the optic nerve head or retina, and the visual field recovered to normal within
3 months after surgery. IOP was significantly increased up to 29.4 mmHg but did not
differ significantly in patients anesthetized by inhalationally or intravenously [23].

The combination of permanent 45°sTp and pneumoperitoneum during RALP has a
pronounced influence on IOP. The mean IOP was significantly 4 mmHg lower after
induction of TIVA and more than doubled from 15.9 up to 33.9 mmHg at the end of
the operation. In 14% of patients, IOP was higher than 40 mmHg, and the highest IOP
measured was 59.6 mmHg. Non-ocular complications were observed in the recovery
room, 8 hours later on the ward, and the next day [26].

sTp and pneumoperitoneum increased IOP from the induction of intravenous
anesthesia directly proportional to the angle of tilt to 20 mmHg, so the pulsatile ocular
blood flow and OPP both significantly decreased (from 15.5 & 3.3 to 10.0 & 3.2 pL/s
and from 70.1 £+ 5.9 to 51.7 £ 11.5 mmHg, respectively) and reached their lowest levels
at the end of the RALP procedure. No complications occurred during the RALP
procedure, nor were any postoperative complications reported [35].

IOP transiently significantly increased from 10.4 mmHg up to 29.6 mmHg with the
timing of sTp in patients anesthetized intravenously. No significant disorders in ocular
structural and functional parameters were found until long after RALP. The mean
visual acuity, IOP, mean deviation, pattern standard deviation, the ganglion cell
complex, and retinal nerve fiber layer thicknesses and the central fovea thicknesses
measured before and after surgery did not differ significantly [44].

Although IOP significantly increased during RALP from 20 to 53 mmHg in healthy
patients, regardless of the type of anesthesia, there was no progression of the visual
field and retinal nerve fiber layer thicknesses after surgery or any other ocular com-
plications at 1 and 3 months after surgery [63].

The effect of the sTp surgical procedure on the retinal structure and function
during RALP in 10 glaucoma patients was investigated. Average IOP (mmHg)
significantly increased from 11.2 & 3.8 up to 28.3 & 4.8 during RALP. Two eyes
of two patients exhibited significant retinal nerve fiber layer thickness
progression [64].
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A significant increase in IOP during RALP secondary to the sTp and CO, insuffla-
tion was confirmed. Accumulation of subclinical damage on the retina, such as age,
hypertension, diabetes, macular degeneration, anatomic breech position of optic disk
at risk, and preexisting undetected ocular disease, could potentially lead to permanent
changes when combined with sTp but not lead to significant retinal changes (ganglion
cell complex and retinal nerve fiber layer thickness, foveal threshold, mean deviation,
and pattern standard deviation) in patients with healthy ocular system at 3 months
postoperative [65].

The study of the critical sTp angulation of patient with the floor more than 45°
have shown the gradual rise in IOP with time. All the patients had a normal baseline
mean IOP of 18-19 mmHg, remaining unchanged after creation of
pneumoperitoneum indicating insignificant effect on IOP by raised IAP. As soon as
the patient was placed in sTp, IOP started to rise with significant difference between
IOP values at different time points with each other and baseline. The continuous rise
in IOP reached maximum value of 40-41 mmHg. This information is important,
especially in patients suffering from glaucoma and ocular hypertension as it may
convert an advanced surgical technique into an ocular nightmare for the patient along
with medicolegal issues for treating physician [36].

Changes in both IOP and optic nerve sheath diameter (ONSD) during RALP were
evaluated, and any correlation between IOP and ONSD was examined during RALP.
The highest IOP recorded in cohort was 32 mmHg and was associated with the 35-to
45-degree sTp and abdominal carbonic gas insufflation. Although both IOP and ONSD
increased, no significant correlation between the two parameters was observed. This
could be explained by the different mechanisms that increase IOP and ONSD. Based
on these findings, intraoperative measurement of IOP can be useful in patients at high
risk for increased IOP during RALP [66].

Small study assessed 21 patients to quantify changes in IOP in time in patients put
on the sTp. In addition to confirming increased IOP during sTp, the authors concluded
that the increase was moderate 90 minutes after positioning with a mean IOP value
7 mmHg above baseline, resuming to the baseline value as that before the induction of
anesthesia roughly 30 minutes after returning to the supine position. No ocular com-
plications, such as blindness, narrowing of the visual field, or impaired visual percep-
tion, were reported in the first 3 months postoperatively [67].

4.2 Other procedures

One study investigated whether IOP changes were different depending on the
anesthetic drugs. Patients scheduled for pelvic laparoscopy were randomly allocated
into the propofol-based TIVA group or the desflurane-based volatile group. In all the
groups, IOP decreased after anesthesia was initiated (17 + 2 to 11 + 2 mmHg).
Pneumoperitoneum in addition to the head-down position raised the IOP highly in the
desflurane group, and the average IOP value was over the normal limit
(22 + 4 mmHg). In contrast, propofol kept IOP similar to the preoperative level
during the whole period of pneumoperitoneum (18 &+ 3 mmHg). For the laparoscopic
surgery performed in the head-down position, propofol may be more helpful in
preventing ocular hypertension [71].

The effects of propofol-based TIVA with those of sevoflurane anesthesia on IOP in
patients undergoing lower abdominal laparoscopic surgery in sTp were compared.
The change in IOP was significantly different between the groups. Maximum rise in
IOP was 15.5 £+ 0.9 mmHg and 19.8 + 1.2 mmHg in TIVA group and sevoflurane

41



Ocular Hypertension — New Advances

group, respectively. In TIVA group, IOP remained almost equal to the baseline value,
while in sevoflurane group, IOP increased significantly with the difference

4.0 £ 1.2 mmHg. So, TIVA is more effective than inhalational anesthesia in attenuat-
ing the increase in IOP during laparoscopic surgery requiring pneumoperitoneum and
sTp [72].

IOP variation during repetitive positional changes in patients undergoing laparo-
scopic colorectal surgery was evaluated, and the effect of desflurane and propofol
anesthesia on IOP change was compared. Repetitive positional changes in anesthetized
patients caused markedly increased IOP in the sTp. IOP values were significantly
lower in patients undergoing TIVA than in patients undergoing desflurane anesthesia
during intraoperative positional changes. TIVA was more effective than inhalation
anesthesia in attenuating IOP increases during frequent positional changes in long-
duration laparoscopic surgeries. IOP values in sTp in the desflurane group were higher
than those in the propofol group. In contrast, most of the IOP values in the sTp in the
propofol group remained within the normal range [73].

Effects of combinations of four different anesthetic agents on IOP in laparoscopic
gynecological operations using 12-14 mmHg pneumoperitoneum and sTp at 35° were
studied in a prospective double-blind RCT. Different from other studies, two intrave-
nous agents used in anesthesia induction were combined with two inhalation anes-
thetics, and their effects on IOP were investigated. Results indicate that propofol
induction causes decreased changes in IOP, independent of sevoflurane, or desflurane
use. In addition, there were no statistically significant differences between the IOPs in
supine position after extubation and before intubation. Thus, the IOP values in supine
position after extubation were not affected by the anesthesia technique. In all groups,
rather than pneumoperitoneum, sTp increased IOP values by higher amounts [74].

4.3 Effects of dexmedetomidine

Whether dexmedetomidine effectively attenuates the increase in IOP remains
inconclusive. The aim of systematic review and meta-analysis was to evaluate the
effects of dexmedetomidine on IOP in adult patients undergoing surgery, which
requires general anesthesia and endotracheal intubation. Twenty-nine RCTs were
included. The IOP levels were significantly lower in patients receiving
dexmedetomidine after the administration, after pneumoperitoneum, and after the
patients were placed in a sTp. So, dexmedetomidine effectively attenuates the increase
in IOP levels and should be considered, especially for at-risk patients [75].

Regarding the effect of dexmedetomidine, a RCT evaluated the effect of
intraoperative continuous infusion versus equal volume of physiologic saline on IOP
in patients undergoing RALP in the sTp. The highest mean IOP measured 60 minutes
after the patients had been placed in the sTp, was 19.9 + 5.0 mmHg in
dexmedetomidine group, and 25.7 &+ 5.0 mmHg in control group with significant
difference. No ocular complications were noted. So, intraoperative continuous infu-
sion of dexmedetomidine may help alleviate IOP increase in patients undergoing
RALP in the sTp [76].

Also, a prospective double-blinded RCT assessed the efficacy of systemically
infused dexmedetomidine in preventing the increase in IOP caused by a sTp. Patients
undergoing laparoscopic or robotic-assisted surgery due to colon, prostate, or gyne-
cological cancer received dexmedetomidine throughout the operation versus saline.
IOP increased in the sTp and was 11.3 mmHg higher at the end of surgery in the saline
group. This increase in IOP was attenuated in the dexmedetomidine group, for which
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IOP was only 4.2 mmHg higher. So, dexmedetomidine infusion attenuated the
increase in IOP during laparoscopic surgery in a sTp, without further decreasing the
OPP [77].

The effect of intraoperative dexmedetomidine on the IOP in patients undergoing
RALP under propofol-remifentanil anesthesia was studied in a double-blind RCT. A
linear mixed model analysis demonstrated IOP at 180 minutes after placing patient
in the sTp, significantly lower in the dexmedetomidine group than in the control
group. So, dexmedetomidine combined with propofol decreases IOP in the sTp
during RALP [78].

4.4 Other ways to reduce the elevated IOP

While the literature is infrequent and undeveloped, certain anesthetic
techniques, including deep neuromuscular blockade, modified positioning,
providing periodic position changes or rest periods, and administering specific medi-
cations or anesthesia technique have been shown to mild-to-modest attenuate the
increase in IOP [79].

One of the ways to reduce IOP during RALP may be to change the extreme
head-down position, and in an RCT, modified Z Trendelenburg position was used
(the patient’s head and shoulders are placed horizontally). Median IOP was in the
normal range at anesthesia induction and before positioning and increased at sTp.
From the start of modified Z Trendelenburg position, IOP decreased and was
significantly lower. At the time of supine and the end of pneumoperitoneum,

IOP decreased to normal (19.6 mmHg) in Z Trendelenburg position group but
remained in the hypertensive range (24.9 mmHg) in sTp group. The significant
positive effect on patient neuro-ocular safety by lowering IOP and accelerating its
recovery to the normal range was reached without any negative consequences for
surgery [80].

Contrary, increasing the angle of the operating table from 25-degree to 30-degree
would provide better surgical visibility, which would lead to shorter surgery time
and reduced blood loss in RALP. In a prospective RCT involved a total of 30 consec-
utive patients, significant time-dependent increases in IOP were observed in both
the 25-degree and 30-degree Trendelenburg positions; however, the IOP values mea-
sured at the same time points were similar between the two groups. Several operative
variables (DoS, EBL, and intravenous fluid intake) did not significantly differ
between the two groups. So, the 25-degree sTp can reduce the risk of catastrophic
position-related ophthalmologic complications after RALP without prolonging the
operative time and/or increasing EBL during surgery, as compared with the 30-degree
sTp [81].

Upon identification of elevated IOP readings intraoperatively, we can effect
changes in position. In some patients with severe IOP elevation during sTp, when the
head of the operating table was returned to the level, supine position halfway through
the procedure, to meet procedural requirements, IOP appeared to improve by the end
of the procedure in contrast to subjects who were not leveled. Observations that
elevation of IOP over time can be mitigated by transient and periodic changes in
position during surgery, open the question of whether interventions other than main-
tenance of MAP can decrease the effect of elevated IOP on cerebral perfusion pres-
sure. It is possible that by measuring IOP, one can predict when a change in the level
of the table should be made so as to limit further IOP increases. A second intervention
is that, because the calculation of perfusion and flow to the eye (OPP) is derived by
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obtaining IOP readings and subtracting them from the MAP, one can maintain OPP by
elevating MAP. In summary, by measuring IOP, practice changes can be implemented
to ensure the patient’s ophthalmic safety [82].

There has been no study of the effect of positive end-expiratory pressure (PEEP)
on IOP during pneumoperitoneum with sTp. Applying 5 cmH,0 of PEEP as compared
with zero-PEEP did not significantly increase IOP during RALP. These results suggest
that low PEEP <10 cm H,O can be safely used during RALP that takes a few hours of
pneumoperitoneum and sTp without a clinically significant risk of IOP increase in
patients without preexisting eye disease [83].

The possible effect of perioperative fluid management on the outcome of
surgical patients has recently been debated. One of the inherent risks of the liberal
approach to infusion therapy is unintentional hypervolemia, which can lead to an
increase in IOP. Restrictive compared to liberal intravenous fluid administration leads
to a better patient’s outcomes and reduction in the length of hospital stay. In a small
group of gynecological patients during robotic surgery, restrictive strategy, along with
maintaining close to normal EtCO, levels, negated the effects of sTp, and increased
PAP on IOP [84]. Contrary, in another small group of women undergoing laparo-
scopic gynecologic pelvic surgery, the effect of liberal versus restrictive protocols of
perioperative fluid management on fluctuations in IOP during the perioperative
period was explored. The main finding of this prospective study was the similar IOP
measurements between patients who were treated with different preoperative fluid
management protocols [85].

Continuous deep neuromuscular blockage (NMB) can improve surgical
conditions and facilitate RALP to significantly attenuate the increase in IOP, as
was shown in the double-blind RCT. The highest IOP value was observed at
60 minutes after CO, pneumoperitoneum in the sTp and was significantly lower in
deep NMB group (19.8 £ 2.1 mmHg) than in the moderate NMB group
(23.3 £ 2.7 mmHg). RALP was accomplished at the low IAP of 8 mmHg in 25
and 88%, respectively. The overall surgical condition was acceptable in both
groups [34].

The effects of continuous systemic administration of esmolol versus placebo on
IOP during laparoscopic and robotic surgeries for recto-sigmoid cancer in a sTp were
investigated. The IOP increased markedly after adopting the sTp, reaching
28.8 + 4.4 mmHg, which was ~5.7 mmHg higher than in the esmolol group. So,
esmolol can alleviate the increase in IOP during a sustained sTp without adverse
effects [86].

A dangerous increase in IOP during prolonged laparoscopic intervention may
be susceptible to topical drugs. In a quasi-experimental study, dorzolamide-timolol
eye drops were examined during lengthy laparoscopic urologic and gynecologic
procedures with the patient in sTp. Patients received treatment when IOP levels
reached 38 to 40 mmHg. Repeated-measures analysis of variance showed that IOP
values dropped significantly after drug intervention at 60-, 90-, and
120 minutes. Effect size of pharmacologic intervention on IOP reduction was
strong [33]. On the contrary, in prospective masked interventional RCT, the effect of
preoperative administration of brimonidine tartrate versus placebo (artificial tears)
on IOP during RALP in sTp setting was evaluated. Significant and sustained IOP
elevation of >1.5x baseline in the sTp was noted in both groups. The mean IOP 1 hour
after sTp was 29.4 + 6.9 and 27.2 + 3.4 mmHg in the drug and placebo groups,
respectively (P = 0.35). So, preoperative brimonidine does not prevent IOP spikes in
sTp [87].
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5. IOP in patients with glaucoma

Although acute angle closure glaucoma is increasingly prevalent and often ques-
tions arise concerning perioperative anesthetic management, evidence-based recom-
mendations to guide safe anesthesia care in patients with glaucoma are currently
lacking. Patients with low vision present challenges to the anesthesia provider that are
becoming more common as the population ages [88].

Patients with primary open-angle glaucoma have decreased outflow through the
trabecular meshwork of the eye, resulting in IOP. It is known that the sTp causes
increased IOP, but there are no current guidelines for monitoring and treating patients
with glaucoma undergoing surgical procedures while in the sTp. A case of successful
intraoperative management of increased IOP in a patient with glaucoma undergoing
RALP, while in sTp was described [89].

Prospective study enrolled 39 patients undergoing laparoscopic surgery, including
10 with eye diseases (six with normal tension glaucoma and four with a narrow
anterior chamber and normal range IOP). All patients, with or without eye diseases,
experienced significantly elevated IOP with no significant differences between
groups. The average maximal IOP reached 20 mmHg at the end of surgery, with no
patient had an IOP of >40 mmHg as a critical threshold during surgery. So, using
pneumoperitoneum of 10 mmHg and a Trendelenburg position of 15° during a 3-hour
surgical period could be performed within a safe range of IOP [90].

Given the aging population of RALP patients in whom risk for glaucoma is signif-
icant, preoperative ocular health assessment should be considered. Robotic technology
for prostatectomy is increasingly frequent. Such procedures, as for robotic surgery for
other pelvic procedures, require steep head-down tilt body positioning, with transient
increase in IOP, and it is a relative counterindication for patients with open-angle
glaucoma, aimed at avoiding additional damage to the optical nerve [31]. Specific
attention should be directed toward identifying any history of glaucoma during the
preoperative evaluation of patients in whom RALP is planned. If the patient has a
known diagnosis of glaucoma, a discussion of the perioperative management with the
ophthalmologist is recommended [91]. Since an increased IOP during the surgery was
the probable cause of the retinal nerve fiber layer thickness changes, ophthalmologic
examinations should be performed before and after RALP, especially in glaucoma
patients. While it remains unknown whether eyedrops can effectively reduce elevated
IOP during surgery, glaucoma patients should be instructed to take their medications
prior to RALP when using the sTp and have their IOP routinely monitored during
these surgeries. Furthermore, in patients scheduled to undergo RALP, comprehensive
eye examinations should be recommended in all these subjects prior to the surgical
procedure [64].

6. Recommendations for robotic-assisted and laparoscopic procedures

Most of the complications assessed are related specifically to RALP approaches,
and therefore are not expected in open surgery. The present review is focused on
avoidable RALP-related ophthalmic complications and suggests how the surgical team
should work in a way to avoid them. In the light of evidence from the existing
literature, surgical and anesthesiologic measures to prevent and manage ocular com-
plications in robotic-assisted laparoscopic interventions are suggesting. It is advisable
to develop an interdisciplinary collaboration between surgeons, anesthesiologists, and
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ophthalmologists on a procedural and medicolegal level with the intent of mutual
training [92]. Some advocate preoperative ocular examination and regular monitoring
of ONSD as a representative of raised intracranial and intraocular pressure during
intraoperative period to ensure early awareness of surgical team, implement early
interventions as needed, and thus reduce intraoperative ocular complications and
POVL.

A Molloy/Bridgeport Anesthesia Associates Observation Scale enabling caregivers
to determine when to institute preventive measures to optimize ocular perfusion was
designed based on a prospective repeated-measures correlation regression model.
Visual assessment of presence of eyelid edema or chemosis and baseline IOP values
determine the probability of when an IOP greater than 40 mmHg (critical threshold)
is reached. Significant predictors of IOP greater than 40 mmHg are determined to be
presence of chemosis and baseline IOP and significantly correlated to increasing IOP.
The receiver operating characteristic curve area under the curve score is 0.86 & 0.03.
Caregivers can use this observation scale to assess the need and timing for IOP-
normalizing interventions and possibly to prevent POVL [82].

On 11 September 2012, the APSF convened a multidisciplinary consensus of
experts to create a statement of safety recommendations for those patients at-risk, and
to assure that suggested management reflects evolving information. Those experts
explained how (1) sTp in robotic pelvic surgery, (2) IAP from insufflation, (3) low
colloid/crystalloid ratios, and (4) a long duration of such conditions could all increase
the risk of retro-orbital and/or optic nerve edema and compartment syndrome. These
hydrostatic and osmotic forces are the variable components within the Starling equa-
tion that describe net fluid movement between compartments [93].

Joint consensus on anesthesia in urologic and gynecologic robotic surgery, written
by Societa Italiana di Anestesia Analgesia Rianimazione e Terapia Intensiva
(SIAARTI), Societa Italiana di Ginecologia e Ostetricia (SIGO), and Societa Italiana di
Urologia (SIU), recommend to limit the use of 30 degrees sTp only for the time
strictly necessary for surgery to be performed, using a position tailored to the pelvic
operatory field of the subject; the sTp should be avoided in high risk-patients (Level
moderate, Grade A) [94].

Whether patients should be informed of ION, especially those undergoing higher-
risk surgery and complex instrumented surgery, is controversial. Because most
patients are first seen by anesthesiologists soon before surgery, consider requesting
that the surgeon discuss the possible complication at an earlier, more relaxed, preop-
erative visit [95].

Under the auspices of the Anesthesia Patient Safety Foundation, an interdisciplin-
ary consensus of experts has been created to make recommendations on patient
safety [93]. The experts explained that (1) abdominal position, (2) sTp, (3) intra-
abdominal pressure, (4) colloid-to-crystalloid ratio, and (5) prolonged duration of
such conditions increase the risk of developing optic nerve edema and compartment
syndrome [96].

Given the lack of scientific proof of cause and effect, the informed consent process
itself was emphasized. The APSF thinks that anesthesia professionals and surgeons
should discuss, with those patients at-risk, the remote chance of partial or complete
blindness, the current state of understanding of those risks, and the interventions that
may reduce those risks. Furthermore, the APSF considers that if this is not in a joint
consent, nor part of the surgical consent, then it should be made a part of the anes-
thesia consent. Suggested and speculative interventions might include the following:
minimizing intra-abdominal pressure, degree and duration of Trendelenburg, and the

46



Risk Factors for Increased Intraocular Pressure and Ophthalmic Complications...
DOI: http://dx.doi.org/10.5772 /intechopen.1003174

amount of crystalloid; deliberate hypotension should be carefully reconsidered, the
head may be elevated, colloid may be substituted for some of the crystalloid, anemia
should be monitored, and considerations of staging the procedure could be made [93].

7. Conclusions

Robotic surgery is becoming more prevalent and is being increasingly used in
various specialties. RALP presents a challenge not only for surgeons but also for
anesthesiologists. The detailed understanding of physiological changes of RALP is
essential. The performing of the RALP requires the use of sTp. With the increasing
popularity, frequency, and acceptance of the RALP procedure, an awareness of
unique intra- and postoperative complications is heightened, including that of
increases in IOP. The sTp required for operative exposure has been shown to increase
this value. We found that IOP increases significantly depending on the duration of the
operation. Despite this increase, there were small or no significant postoperative
changes in visual function and ophthalmic complications in patients without prior eye
disease.

There are several perioperative factors involved in the increase in IOP. Some of
these factors, such as hemodynamic management, ventilation strategy, and volemic
load, can be controlled by an anesthesiologist. Other factors, such as patient position-
ing and duration, are inherent in the operation itself. The exact nature of the relation-
ship between the angle and duration of sTp and the increase in IOP remains unclear.

Most patients generally tolerate robotic prostatectomy well and appreciate the
benefits; however, anesthesiologists must have an intimate knowledge of the physio-
logical changes associated with RALP. Specifically, anesthesiologists must consider the
changes in the cardiopulmonary, ocular, and intracranial systems that occur when
patients are placed in the lithotomy and sTp, and when pneumoperitoneum is created.

Intraoperative head-low position had certain effects on the IOP of patients, show-
ing different patterns of changes with the surgical process. Therefore, the head-low
angle should be minimized without affecting the surgical operation. Intraoperative
IOP measurement is recommended for patients in head-low foot-high lithotomy posi-
tion. After the operation, the nurses should make a good handover and pay attention
to the postoperative IOP changes and the occurrence of any adverse events, to identify
the problems early and provide appropriate treatment.

While the literature is infrequent and undeveloped, certain anesthetic parameters,
including deep neuromuscular blockade, modified positioning, and the use of
dexmedetomidine have been shown to have mild-to-modest decreases in IOP. These
modifications may prove to have even greater significance in patients with preexisting
ophthalmologic pathologies, such as glaucoma, which were excluded from the studies’
analyses. Well-selected patients, adequate positioning, mentorship training during the
learning curve, and avoiding last-longing procedures are key steps to prevent RALP-
related complications. Fortunately, those specific complications are rare, but one
should keep alert as they can be devastating if not recognized early, thus surgeons
should have a low threshold of suspicion. A dedicated robotic team is essential to
reduce perioperative complications. Hence, anesthesiologists need to stay abreast of
current knowledge and be prepared to give better quality of anesthesia care to
patients. Meticulous preoperative ophthalmological assessment, restriction of intra-
venous fluids, “rest stops,” eyelid taping, and ocular dressings are the major protective
measures suggested by the literature. Collaboration between the surgical team and the
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anesthetist is also essential. Further studies should focus on resident training, cost-
effectiveness, and long-term outcomes in anesthesia for robotic surgery.

Careful preoperative evaluation, intraoperative conduction, minimizes the risk of
complications and helps patients to reach full recovery. Excellent outcomes are the
result of individualized approach to the patient and good communication between
team members. Large prospective studies are needed to assess the relationship
between sTp and ophthalmic complications and to develop clinical recommendations
for the prevention and treatment of elevated IOP in elderly patients with preexisting
eye diseases during operations of longer duration. Up to this point, it is necessary to
consider the available data of the effect of patient positioning on IOP. Aggressive
assessment of elevated IOP may be required when the operation time exceeds 5 hours.
A patient with glaucoma may not be a candidate for robotic surgery due to the risk of
ophthalmic complications.
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Chapter 4

Intraocular Pressure Measurement
in Africa: A Review of Literature

Thokozani Mzumara and Owen Banda

Abstract

Ocular hypertension (OHT) is a pervasive condition easily mistaken for glaucoma.
In Africa, glaucoma is reported the highest, hence there is a need to properly distinguish
it from ocular hypertension, which is the rise in IOP in the absence of glaucomatous
changes. Many methods exist for measuring IOP; however, recent focus has been on
non-invasive techniques. This review aims to assess the measurement of IOP among
non-glaucomatous Africans. The research adopts a systematic approach employing
the five-step framework by Arksey and O Malley. We used the research question to
formulate a search strategy used to extract the studies included in the review. Next, we
used keywords in combination with Boolean operators to search the PubMed database.
The study analyzed articles published in English between 2010 and 2023. The search
identified 136 articles. Both authors checked the article for screening and eligibility. The
instruments used include GAT, perking’s tonometry, rebound tonometry, tonopachy,
and the value of IOP among Africans ranges from 11 to 16 mmHg and varies according
to instruments and population. There is a wide variation in the value of IOP among
Africans. Practitioners should consider the population mean for each instrument used
and central corneal thickness during IOP measurements.

Keywords: intraocular pressure, Africa, ocular hypertension, tonometry,
nonglaucoma, ocular biometry, Africa

1. Introduction

Glaucoma is a major cause of irreversible blindness and a major public health
concern on the African continent [1]. Intraocular pressure (IOP) is the only
modifiable factor of glaucoma and ocular hypertension, which is regarded among
other risk factors such as thinner corneas, older age, and greater cup-to-disk ratio
[2]. Ocular hypertension (OHT) refers to eyes in which the IOP is higher than the
normal range for the general population but is free of glaucomatous damage [3].
Noteworthy, the majority of people with OHT do not progress to glaucoma [2],
nevertheless proper distinction is required to clinically detect OHT and glaucoma
since glaucoma causes mechanical damage to the optical nerve thereby disrupting
visual signals sent to the brain thereby affecting vision. OHT represents 75% of all
forms of glaucoma [3].
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The prevalence of OHT differs across populations. For instance, the cut-off value
for OHT is 20.4 mmHg, 21.5 mmHg, and 22.6 mmHg for the Chinese, Indian, and
Malay population groups [4]. However, OHT is highest among Africans compared
to other continents, reflecting the effect of race and heredity [5]. Noteworthy, IOP
measurements vary based on measurement technique and population. In general, the
upper limit for “normal” IOP is two standard deviations above the population mean.
Needless to say, practitioners need to consider the normal values during diagnosis and
follow-up of glaucoma suspects and patients concerning measurement technique and
population [6].

Despite that black people have thinner corneas, which predispose them to the risk
of developing OHT and glaucoma [2], information regarding the normative values
of different methods of IOP among people of African descent remains unknown. In
addition, there are diverse ethnic groups in Africa, which calls for a need to assess the
geographical distribution of IOP across the region. This chapter will summarize the
current data on normative values of IOP including the current techniques employed
for measuring IOP in Africa focusing on the challenges and opportunities associated
with various measurement techniques employed in the region.

The paper is split into three sections. The first section will address the methodolo-
gies employed to answer the research question in this review, including the research
design, search strategy, data retrieval, and analytical strategies. Next, the paper
presents the results of the search summarizing the data retrieved in the previous
section. Finally, the paper discusses the research findings in light of the available
literature considering the situation of the African eye health care landscape discuss-
ing the advantages and disadvantages of using the diagnostic technique considering
this setting.

2. Methods

The review adopted a systematic review approach postulated by Arksey and
O’Malley [7]. The steps include formulating the research questions, identifying
studies, selecting relevant studies, charting the data, and collating, summarizing, and
reporting the findings.
2.11dentifying research questions

The review is guided by the following research question.

* What is the distribution of intraocular pressure in nonglaucomatous Africans?

2.2 Eligibility of research studies

To assess the eligibility of the research question formulated, we employed the
Population Concept Context framework as illustrated below

* Population: nonglaucomatous patients
* Concept: intraocular pressure or ocular hypertension

¢ Context: Africa
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2.3 Identifying relevant studies
2.3.1 Inclusion criteria

As an inclusion criterion, we selected studies published from 2010 to 2023. In
addition, we retrieved studies from the citations of our searched articles. Only studies
published in the English language and conducted among nonglaucomatous Africans
were entered into the review.

2.3.2 Exclusion criteria

We excluded studies conducted among nonhuman subjects. Furthermore, studies
conducted to develop new instruments were not included in the review. In addition,
we removed studies employing the following research designs retrospective and
systematic reviews.

2.3.3 Electronic database search

We searched PubMed and Google Scholar databases for research on ocular hyper-
tension or intraocular pressure among African populations. We used the following
keywords and a combination of Boolean operators’ ocular hypertension OR intraocu-
lar pressure AND Africa AND nonglaucoma.

A manual search through the references of retrieved studies was conducted and all
studies that satisfied the inclusion criteria were included in the review.

2.3.4 Selecting relevant studies

The remaining studies were assessed by reviewing the title and abstract. This
was done by members of the study and they reached a consensus. When they failed
to reach a consensus, a third independent reviewer was invited to help decide. The
selected papers underwent review using a critical appraisal tool for cross-sectional
studies to ensure quality studies are included in the review (Figure1).

2.3.5 Charting the data

We included relevant information, including the author’s name, year of publica-
tion, county of study, methods and design of the study, mean IOP, and standard
deviation. The process was conducted by the two authors and meetings were held to
compare the findings and agree on the charting.

2.3.6 Collating, summarizing, and reporting the findings
The charted data was summarized to communicate the values of IOP. The report

followed the guidelines included in the Preferred Reporting Items for Systematic
Reviews and Metanalysis (PRISMA) [7].

3. Results

The selected studies are illustrated in Table 1. Out of the 54 studies identified,
46 were excluded because they did not meet the inclusion criteria. About eight
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Identification

Identification of studies via databases and registers

Records identified from*:
Databases (n = 51)
Manual search (n = 0)

Records removed before
screening:
Duplicate records removed
(n=0)
Records marked as ineligible
by automation tools (n =0 )
Records removed for other
reasons (n =0)

Screening

Records screened
(n=51)

Records excluded**
(n=45)

Reports sought for retrieval
(n=6)

Reports not retrieved

(n=1)

Reports assessed for eligibility
(n=5)

Figure 1.
Prisma.

were sought for retrieval and only five out of eight were screened for eligibility and

Reports excluded:
Reason 1 (n=0)

Studies included in review
(n=5)

Reports of included studies
(n=5)

included in the qualitative synthesis.
Out of the five studies included in the synthesis, two were from Nigeria [9, 10],
1 from Ethiopia [8], 1 from South Africa [12], and 1 from Egypt [11].
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Author (year) Country Methods Mean IOP (standard deviation) ~ Technique usage
[8] Ethiopia Prospective cross- 12.1 mmHg (SD = 5.0 mmHg) Rebound
sectional study tonometer (iCare)
[9] Southwest ~ Comparative cross- ¢ 15.18 + 4.26 mmHg (GAT) GAT & iCare
Nigeria sectional study

* 16.32 + 4.48 mmHg (Rebound
iCare tonometer)

[10] Southwest ~ Hospital-based 14.2 + 2.6 mmHg GAT
Nigeria case control study

[11] Egypt Prospective cross- 11.5 + 2.34 mmHg Perkins tonometer

sectional study

[12] South Cross-sectional * 14.79 + 3.09 mmHg (GAT) GAT, Tono-

Africa study « 14.32 + 3.57 mmHg pachymetﬁr
(Tonopachy) '(Tonopac y) &
iCare

* 16.64 + 4.38 mmHg (iCare)

Table1.
An overview of reviewed studies.

3.110P variation according to instruments

The reviewed studies showed that there are differences in the mean IOP based on
the instruments used. For instance, Ashano et al. [9] found that IOP measured with
arebound tonometer differed significantly from the mean IOP measured with GAT
although the two were significantly correlated. The I Care rebound tonometer shows
higher results compared with GAT measured by one practitioner on the same set of
patients. In agreement, the South African study [12] found that tonopachy and GAT
findings were in tandem while the rebound tonometer produced higher IOP2021 values.
Therefore, the two procedures cannot be used interchangeably. Nevertheless, the rebound
tonometer is relatively easy to use as it requires minimum training, consumes less time
and does not need anapestic eye drops, and is portable ideal for outreach programs [8].

3.2 Central corneal thickness and IOP

Furthermore, it was discovered that there is a positive correlation between central
corneal thickness and intraocular pressure as evidenced by an increase in IOP associ-
ated with CCT in a study in Nigeria [10]. In contrast, a study conducted in South
Africa [12] found no relationship between CCT and IOP measured with GAT, rebound
tonometer and tonopachy. This relationship highlights the need to exercise caution
with thinner corneas which may underestimate IOP and delay initiation of treatment
among the continental Africans.

4. Discussion

The chapter summarizes the common methods used to measure the modifiable
risk factor of OHT and glaucoma namely IOP in the African setting. The chapter has
achieved this by systematically reviewing research that has been conducted on the
African continent to assess IOP among normal populations. The following narrative
provides some of the common themes emerging from the literature on the topic.
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4.1 Instruments used to measure IOP

This review has discovered that the most common instruments used for measuring
IOP are Goldman applanation tonometry, Perkins tonometer, and rebound tonom-
etry. The results of this paper are not surprising considering that GAT is considered
the gold standard of measurement worldwide. On the other hand, Perkins and eye
care could be mostly utilized for their compatibility. Unlike the Goldman applanation
tonometry, which requires sophisticated equipment such as slit lamp biomicroscope,
the Perkins and rebound tonometry are portable and therefore easy to use during
outreach programs. In most African regions, access to eye care services is compli-
mented by community outreach programs, especially through cataract camps. The
major drawback of GAT also lies in the requirement of fluorescein and local anesthe-
sia as part of diagnostic drugs. This becomes a challenge in the African context against
the backdrop of insufficient and unavailability of drugs and medicines coupled with
issues of pilferage. In Africa, the delivery of eye care services continues to be under-
mined by health system performance bottlenecks [13]. The medical practice in Africa
is constrained by the unavailability of equipment, a lack of diagnostic skills, and
expensive treatment regimens [1].

4.2 10P and central corneal thickness

The review found that there is a discrepancy in the relationship between IOP and
central corneal thickness. This also concurs with Osman et al. [14] who postulated
that corneal thickness and irregularities may affect GAT. We attribute the differences
to different corneal thickness parameters across populations. Accordingly, ocular
parameters differ significantly with ethnicity. The findings of this review suggest that
practitioners in Africa should consider the corneal thickness when measuring IOP.
IOP measurements are heavily dependent on corneal parameters and can be a major
source of error. However, accuracy in IOP measurements is integral [15].

The range of CCT across Africa is 519-550 pm. The highest CCT value was
reported among a Nigerian sample (550 pm) [16]. The lowest was reported among
the Ethiopian and South African populations (519 pm) [12, 17]. Instruments such as
the Keeler Pulsair Eye non-contact tonometer are prone to changes in corneal thick-
ness and should be used together with CCT [18]. Modern techniques allow for the
CCT measurements to be incorporated in the calculation of the final result of IOP
measurement. For example, the non-contact automated Reichert’s Ocular Response
Analyzer (ORA; Reichert, Inc., Depew, NY) produces two measures of IOP: the
Goldman correlated IOP and the corneal compensated IOP. Moreover, it assesses
corneal resistance factor and corneal hysteresis, two biomechanical properties [19].

5. Summary

In conclusion, the chapter has reviewed the current techniques of measuring intra-
ocular pressure that have been applied on the African continent. There is a paucity of
population-based studies, especially with a nationally representative sample measur-
ing the distribution of IOP in Africa. The majority of studies conducted are compara-
tive studies. The commonly used techniques include GAT and handheld devices such
as Perkins tonometry and rebound tonometry. Despite the scarcity of these instru-
ments mainly associated with high purchasing prices, they offer reliable methods of
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monitoring ocular hypertension and glaucoma. African eye care practitioners should

familiarize themselves with the methods and their drawbacks while exploring novel
techniques to aid in the fight against ocular hypertension and glaucoma.
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Abstract

Glaucoma is the leading cause of irreversible blindness worldwide. As diseased
population continues to grow, it is important to review both the well-established and
recently developed therapeutics available today to best treat this ocular condition.
This chapter will discuss the pharmacologic therapies most commonly used to lower
intraocular pressure (IOP) in primary open angle glaucoma patients. It will also
examine both natural agents and lifestyle modifications that have been shown to have
an effect on intraocular pressure. The prostaglandin analog latanoprost, continues to
be the most widely accepted first line medication used to treat glaucoma. However,
the efficacious, recently developed, Rho-kinase inhibitor Netarsudil, and fixed dose
combination of Netarsudil-Latanoprost should continue to increase in utilization.
Multiple mechanisms are often used together to treat glaucoma. Fixed dose combina-
tion drug therapy has the potential to decrease patient burden, increase compliance,
and improve clinical outcomes.

Keywords: glaucoma, intraocular pressure, pharmacologic, natural, therapeutics

1. Introduction

Glaucoma is a term used to describe a group of diseases characterized by damage to
the optic nerve and retinal nerve fiber layer. It is a chronic progressive optic neuropathy
that causes peripheral and occasionally central vision loss. It is the leading cause of
irreversible blindness worldwide [1]. The number of people affected by glaucoma is
anticipated to continue to rise. It is estimated that approximately 3 million people in
the US currently have glaucoma, and this number is expected to grow to 6.3 million by
2050 [2]. Globally, it is estimated that 76 million people suffer from glaucoma with a
projected growth to 112 million by 2040 [2]. With such stark projections, it is clear that
developments in therapeutics will need to progress in order to optimize patient care and
clinical outcomes. Additionally, glaucoma disproportionately affects Black populations
in the US. It is the most common cause of blindness in Black persons with a prevalence
of 6.1% [2]. The prevalence in Latino communities is second highest at 4.1%, followed
by Asian Americans at 3.5% and non-Hispanic White persons at 2.8% [2]. These
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statistics point to a need to increase the screening and access to care for persons from
historically medically underserved communities.

There is no cure for glaucoma. Intraocular pressure (IOP) is the only known
modifiable risk factor and therefore of the utmost importance in controlling disease
progression. However, in many patients intraocular pressure is only slightly elevated
or still within the normal range [1].

The rise in pressure associated with glaucoma can be painless and is often unno-
ticeable to the patient until subsequent symptoms are present. Early detection is
extremely important because any visual field loss noticed by the patient is irrevers-
ible. Other general risk factors include older age, race and ethnicity, and family
history of glaucoma.

All pharmacologic therapeutics used to treat glaucoma work by lowering intraocu-
lar pressure. The common goal is to decrease the loss of ganglion cells, thinning of the
retinal nerve fiber layer, and cupping of the optic disc to slow progression. There are
a variety of medications used today that work through several different mechanisms.
These include cholinergic agents, alpha adrenergic agonists, beta blockers, carbonic
anhydrase inhibitors, nitric oxides, prostaglandin analogs, and rho-kinase inhibitors.
Additionally, there is a very limited amount of data from studies focusing on natural
treatment modalities, therefore the emergence of a potential natural therapy or
substance that has the ability to reduce IOP in order to slow glaucomatous progression
would be extremely valuable.

2. Treatment

Despite current knowledge of risk factors, genetics, and pathophysiology, the only
medical form of treatment for primary open angle glaucoma (POAG) today remains
to be intraocular pressure lowering medications. In particular cases, surgical proce-
dures are recommended. However, as the focus of this chapter is pharmacologic and
naturopathic therapy, they will only be covered briefly. At this time, there is no way to
cure POAG or OHT. The goals of treatment are to delay the progression of visual field
loss for the duration of the patient’s lifetime.

IOP lowering medications have been established as the cornerstone of glaucoma
treatment for decades. The Ocular Hypertension Treatment Study established that
topical ocular hypotensive medication is effective in delaying or preventing the onset
of POAG in individuals with elevated IOP [3]. In the study, participants with no evi-
dence of glaucomatous damage were randomized into 2 groups. They were placed in
either a treatment with a topical ocular hypertensive medication group or an observa-
tion group. The goals of the treatment were a 20% reduction in intraocular pressure
and an intraocular pressure of less than or equal to 24 mm Hg. During the course of
the study, the mean + standard deviation of the reduction of IOP in the medication
group was 22.5 + 9.9%. In the observation group, IOP declined by 4.4 + 11.6% [3].
Additionally, at 60 months, the cumulative probability of developing POAG was 4.4%
in the medication group and 9.5% in the observation group. The protective effect
of treatment was statistically significant for both optic disc and visual field changes
[3]. Furthermore, this study, along with the Early Manifest Glaucoma Trial and the
United Kingdom Glaucoma Treatment Study indicated that the degree of reduction
of pressure influences disease progression [4, 5]. The Early Manifest Glaucoma Trial
estimated that each 1 mm Hg reduction in intraocular pressure reduced the risk
of glaucoma progression by about 10% [6]. It can be concluded that reducing IOP
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through topical ocular hypotensive medications is an extremely effective treatment
for delaying disease progression and improving clinical outcomes.

There are numerous forms of medication used to reduce intraocular pressure
in POAG patients. These include nitric oxides, cholinergic agents, alpha adrenergic
agonists, beta blockers, carbonic anhydrase inhibitors, prostaglandin analogs, and
rho kinase inhibitors. It is important to address that personalized treatment promotes
better patient outcomes in POAG management. A common strategy is to recommend
lowering IOP to a specific target pressure. At this particular pressure, the rate of
disease progression should be slowed enough to prevent further damage. Generally,
target IOP aims to be a reduction of 20-50% from baseline IOP [7]. This number is
established from factors including pre-treatment baseline IOP, severity of visual field
loss, risk of progression, life expectancy, and potential for adverse effects [7].

Laser or incisional surgeries are indicated when medical treatment is unable to
reduce IOP to target pressure or a patient is unable to tolerate pharmacotherapy. In
severe cases and when a patient does not adhere to medical recommendations, surgery
can be preferred as a first line therapy [8]. Laser trabeculoplasty is a common form of
treatment in which a laser induces biological changes in the trabecular meshwork. This
is able to increase aqueous outflow and reduce IOP. Trabeculectomy is the most com-
monly performed incisional surgery used to lower intraocular pressure [8]. It consists
of the excision of a small portion of the trabecular meshwork and or adjacent corneo-
scleral tissue. This provides a drainage route for aqueous humor from within the eye to
underneath the conjunctiva where it is absorbed [8]. Additionally, MIGS procedures,
or microinvasive glaucoma surgeries are a relatively new treatment option. Most
MIGS work by dilating, cleaving open, or bypassing tissue that is obstructing aqueous
outflow, or by inserting a device into an outflow structure to increase drainage [2].
Each procedure comes with its own set of risks. Often, a combination of surgery and
pharmacologic therapeutic treatments can improve patient outcomes. In this chapter
we will be focusing on pharmacologic and non-pharmacologic therapies.

3. Cholinergic agents

Cholinergic agents, also known as parasympathomimetics, are a useful tool in
treating primary open angle glaucoma. The miotic effects of cholinergic agents were
first reported by Thomas Fraser in 1862 after studying the active ingredient of a
potentially lethal poison used in West Africa derived from the Calabar bean — physo-
stigmine [9]. Pilocarpine was discovered to be less toxic and became the first known
pharmacotherapy used to treat glaucoma in 1877 [9]. Pilocarpine and carbachol are two
prominent examples, however pilocarpine is the best known of this class of IOP lower-
ing drugs. Pilocarpine works by inducing smooth muscle contraction of the cells in the
ciliary body. This leads to an increase in aqueous humor outflow through the trabecular
meshwork pathway by widening the trabecular meshwork and Schlemm’s canal [10].
This can lead to an IOP reduction of 20-25% [10]. Unfortunately, cholinergic agents
are known to produce a wide range of systemic side effects and are not well tolerated by
patients. They are even contraindicated in patients under 40 years of age [10]. This is
likely due to overstimulation of muscarinic acetylcholine receptors, inducing bradycar-
dia, negative cardiac inotropy, salivation, sweating, and gastrointestinal stimulation
[9]. Ocular adverse effects include retinal detachment, ciliary cramps, increased pupil-
lary block, and blurred vision due to induced myopia [7, 10]. This array of side effects
typically restricts the use of pilocarpine to short term and very limited situations.
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4. Alpha adrenergic agonists

Brimonidine, which is sold under the brand name Alphagan, and apraclonidine,
are the most common alpha adrenergic agonists used to treat primary open angle
glaucoma. Alpha adrenergic agonists operate by stimulating alpha receptors to release
norepinephrine [10]. Norepinephrine is the main neurotransmitter of the adrenergic
system. As an alpha-2 agonist, brimonidine is useful in causing vasoconstriction
in the ciliary body. This will result in a decrease in aqueous humor production and
consequential lowering of intraocular pressure [10]. However, after chronic use, the
mechanism of action shifts to the uveoscleral pathway. This mechanism contracts the
ciliary body and increases outflow [11]. Brimonidine can cause a 20-25% reduction
in intraocular pressure, making it a useful IOP lowering agent [7]. Although gener-
ally more well received than other alpha adrenergic receptor agonists, brimonidine
is associated with several adverse effects. These include contact dermatitis, ocular
irritation, allergic conjunctivitis, anterior uveitis, hyperemia, fatigue, dizziness, and
hypotension [7, 10]. Of particular importance in glaucoma treatment is the potential
for neuroprotective properties. As there are alpha-2 receptors present in retinal
ganglion cells, Brimonidine also has the potential to reduce retinal ganglion cell loss
in glaucoma. There have been several studies involving rat models to examine this
hypothesis, with one concluding that Brimonidine was in fact useful in significantly
reducing retinal ganglion cell loss [10]. With the potential for significant IOP reduc-
tion and neuroprotection, but with occasional adverse effects, Brimonidine is often
considered a second line glaucoma treatment. It is also frequently used in combina-
tion with other topical therapies.

5. Beta adrenergic antagonists

Beta receptor antagonists, or beta blockers as they are commonly known, are a
significant and effective form of treatment for primary open angle glaucoma. Beta
receptors are located throughout the eye and their antagonists operate through
a mechanism of reducing aqueous humor production in the ciliary body. This
is achieved through decreasing cAMP production [10]. Like other effective IOP
lowering medications, beta blockers are able to reduce intraocular pressure 20-25%
of their initial values [7]. Timolol, brand name Timoptic and Betaxolol, brand
name Kerlone, are some of the more frequently prescribed options. Timolol was
the first nonselective beta blocker used to treat glaucoma on the market and was
the most used anti glaucoma drug for many years [10]. As with all pharmacologic
therapies, there are potential adverse effects associated with beta blockers. Some
severe pulmonary and cardiovascular systemic side effects can present with the use
of non-specific beta receptor antagonists. This contraindicates their prescription
for patients who suffer from COPD, asthma, decompensated chronic heart failure,
symptomatic bradycardia or heart block, and a history of syncope without diagnosis
[10]. There is also concern about the systemic hypotensive effect of beta blockers.
They have the potential to reduce blood flow to the optic nerve, which could result in
exacerbating glaucomatous progression [9]. Betaxolol was developed with the hope
of less adverse effects and as a selective beta-1 adrenergic blocker, and it may have
less of a tendency to induce bronchospasm [9]. In addition, beta blockers may also
have some neuroprotective effects. One study concluded that Timolol was able to
reduce IOP and protect retinal ganglion cells in an experimental rat model through
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upregulation of brain derived neurotrophic factor [12]. The dangerous side effects
that can occur with beta blocker use require them to be prescribed with caution.
However, their IOP lowering effects and potential for neuroprotection make them a
valuable instrument in the treatment of primary open angle glaucoma, either alone
or in combination with other agents.

6. Carbonic anhydrase inhibitors

Carbonic anhydrase inhibitors are a staple of primary open angle glaucoma
treatment. Carbonic anhydrase is important for the production of aqueous humor
and through its inhibition, a reduction in aqueous humor can cause a decrease in
intraocular pressure. Through restricting the amount of sodium and bicarbon-
ate ions available, less water will be able to enter ciliary epithelial cells [10]. The
second generation carbonic anhydrase inhibitors include Dorzolamide, brand
name Trusopt, and Brinzolamide, brand name Azopt. These are topical therapeu-
tics and are able to reduce intraocular pressure 15-20% from initial value [10].
Common side effects to second generation carbonic anhydrase inhibitors include
allergic reaction, ocular burning, ocular stinging, bitter taste, superficial punc-
tate keratitis, blurred vision, headache, and dizziness [10]. Additionally, there is
evidence that topical carbonic anhydrase inhibitors enhance ocular blood flow in
the retina and optic nerve with a potentially favorable response on retinal ganglion
cells [9]. Dorzolamide and Brinzolamide are effective IOP lowering agents and
should be used as second line treatments and in combination with other glaucoma
medications.

6.1 Nitric oxides

Although some may consider Latanoprostene bunod to be a subcategory of prosta-
glandin analogs, it should have its own category as it employs a different mechanism
of action. This recently developed medication is commonly known by its brand name
Vyzulta. It is essentially a modified prostaglandin analog that acts by dual mecha-
nism. It is applied to the eye topically and is first hydrolyzed by endogenous esterases
into Latanoprost acid, which is the active component of Latanoprost. What makes
Latanoprostene bunod unique is that it also breaks down into butanediol mononi-
trate, which is further broken down into nitric oxide and inactive 1,4 butanediol [7].
The Latanoprost acid component increases aqueous outflow through the uveoscleral
pathway, while the nitric oxide component induces relaxation within the trabecular
meshwork. It works to increase aqueous outflow through the trabecular meshwork
pathway and Schlemm’s canal [7]. There have been several studies completed to
examine safety and efficacy of latanoprostene Bunod. The Apollo Study concluded
that latanoprostene bunod demonstrated significantly greater intraocular pressure
lowering than Timolol, another commonly used IOP lowering agent. The study
shows that latanoprostene bunod was effective and safe in adults with primary open
angle glaucoma and ocular hypertension over 3 months of treatment [13]. Another
study compared the efficacy of Latanoprostene Bunod to Latanoprost. They were
able to conclude that Latanoprostene Bunod was significantly more effective than
Latanoprost at lowering IOP with similar side effects [14]. This is a significant study
because Latanoprost is widely accepted as the clinical benchmark of glaucoma treat-
ment to which other drugs should be compared.
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6.2 Prostaglandin analogs

Prostaglandin analogs are the most widely used pharmacologic treatment for
primary open angle glaucoma and for good reason. They have been the clinical gold
standard of IOP lowering agents since the 1990s. They are extremely efficacious,
present very little risk, and are easy to use with a dosage schedule of once a day before
bed. It is important to review the physiology of prostaglandins to understand their
mechanism of action. Prostaglandins are proinflammatory molecules produced when
arachidonic acid is metabolized by cyclooxygenase enzymes, COX-1 and COX-2 [15].
Basal levels are produced by COX-1, and further increased by COX-2 [15]. The 5
classes of prostaglandins are E2, F2 (PGF2), 12, D2, and Thromboxane A [16]. Each
of these molecules is able to elicit different responses when interacting with their
corresponding G-protein coupled receptor (GPCR). FP receptor proteins in humans
have been detected throughout the anatomy of the eye. They are located in the corneal
epithelium, ciliary epithelium, the circular portion of the ciliary muscle, and iris
stromal and smooth muscle cells [15]. FP receptors activate metabolism through
G-coupled proteins, resulting in the increase of intracellular calcium concentrations
and modulation of various signaling cascades [15]. Prostaglandin analog mechanism
of action works through decreasing IOP by increasing uveoscleral outflow. They
activate prostaglandin receptors in ciliary muscle, iris root, and sclera to effectively
induce relaxation of ciliary muscle and alter cytoskeletal remodeling of the extracel-
lular matrix of the uveoscleral pathway. They also may enhance aqueous outflow via
FP receptors present in the trabecular meshwork by lowering resistance [15]. Binding
to prostaglandin receptors in the ciliary muscle allows for widening and decompres-
sion of the fluid filled spaces along the ciliary muscle bundles [10]. Simply put, pros-
taglandin F2 analogs bind to prostaglandin receptors to promote muscle relaxation
and extracellular matrix remodeling in the ciliary muscle and trabecular meshwork,
increasing aqueous humor outflow. These mechanisms provide prostaglandin F2
receptor agonists like Latanoprost, Bimatoprost, and Travoprost with the ability to be
very effective IOP reducing agents.

Prostaglandin analogs are the most effective known pharmacologic treatment in
terms of IOP reduction for primary open angle glaucoma [7]. They are able to reduce
IOP by as much as 25-33% [17]. They rose to prominence after FDA approval in the
1990s when their IOP lowering success and lack of serious adverse effects became
widely known. They were able to rapidly replace beta blockers as the gold standard of
glaucoma pharmacologic therapy. The brand name version of Latanoprost, Xalatan
became the first drug to exceed 1 billion US dollars in annual sales [9]. Although
valued for their lack of serious side effects, some adverse reactions are noted. These
include conjunctival hyperemia, burning, stinging, eyelash growth and hyperpig-
mentation, increased periocular skin pigmentation, increased iris pigmentation and
loss of periorbital fat. Additionally, some cases of cystoid macular edema as well as
reactivation of herpes keratitis and anterior uveitis have been documented [7, 10].
The incidence of increased iris pigmentation was found to be higher than expected.
One observational cohort study concluded that 69.7% of patients developed iridial
anisochromia after chronic Latanoprost use [18]. Therefore, it is suggested to use
Latanoprost bilaterally in order to avoid hyperpigmentation on one side of the face.
However, a lack of serious systemic side effects keeps Latanoprost as the first line
glaucoma medication.

Several clinical studies have examined the efficacy of prostaglandin analogs
against other members of this class as well as against other intraocular pressure
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reducing agents. When comparing the IOP reducing effectiveness of prostaglandin
analogs, Bimatoprost, brand name.

Lumigan, consistently ranks the highest. This is usually followed by Latanoprost
and Travoprost.

One meta-analysis of 17 different clinical studies suggests that Bimatoprost is the
most effective of these three commonly used prostaglandin analogs following long
term treatment, but also appears to have the most adverse effects and lower ocular
tolerability [19]. Reviews suggest similar findings, with the efficacy of Bimatoprost
to be about 1 mm Hg reduction superior to Latanoprost, yet Bimatoprost having
the least appealing adverse effect profile [9]. Although clearly deserving of medical
use, Bimatoprost’s risk of lower ocular tolerability compared to Latanoprost puts
Latanoprost ahead in terms of optimal clinical efficiency. Numerous additional
studies prove prostaglandin analogs to be the most potent intraocular pressure reduc-
ing agents. One analysis displays the results of 50 studies with over 9000 patients
included. Classes of IOP reduction used in the comparison includes beta blockers,
alpha adrenergic agonists, and carbonic anhydrase inhibitors. It indicates that of all
monotherapies examined, prostaglandin monotherapy showed the largest IOP reduc-
ing effect [20]. Another study examined the mean reductions in IOP after 3 months
of usage. Bimatoprost averaged 5.61, Latanoprost 4.85, Travoprost 4.83, Timolol 3.70,
Brimonidine 3.59, and Dorzolamide 2.59 mm Hg among others [21]. Prostaglandin
analogs and specifically Latanoprost with its higher degree of ocular tolerability are
well studied, potent, IOP reducing agents for glaucoma treatment. As the primary
option for clinical use since the 1990s, new glaucoma therapies should continue to be
compared against them.

7. Rho-kinase inhibitors

Rho-kinase inhibitors, also known as ROCK inhibitors are a relatively new class
of antiglaucoma therapeutics. Netarsudil, brand name Rhopressa, was approved by
the US Food and Drug Administration to be used for the treatment of glaucoma in
2017 [9]. Netarsudil is a an effective new therapy and is notable for its IOP lowering
effects through a variety of different mechanisms. ROCK inhibitors work to decrease
intraocular pressure (IOP) by inhibiting ROCK, a ubiquitous downstream effector
protein that regulates the cell cytoskeleton [22]. ROCK consist of an amino-terminal
serine-threonine kinase domain that is followed by a coiled-coilforming region and
other functional motifs at a carboxyl terminus [22]. The carboxyl terminal domain
forms an autoinhibitory loop that folds back onto the kinase domain and inhibits its
activity [22]. The natural function of ROCK is to promote the assembly of actin stress
fibers and focal adhesions within the trabecular meshwork [23]. As a potent rho-
kinase inhibitor and amino.

Isoquinaline amide, Netarsudil also inhibits norepinephrine transporter (NET)
[23]. There have been many animal studies that examine the effects of rho-kinase
inhibitors. One study concluded that 2 ROCK inhibitors were able to relax ciliary
arteries in rabbits to improve blood flow and suggested that they may have the poten-
tial to increase optic nerve blood flow to treat glaucoma [24]. Netarsudil is unique in
that it has three proven mechanisms of action by which it reduces intraocular pressure
in humans. It relaxes the trabecular meshwork, Schlemm’s canal, and ciliary muscle
to increase aqueous humor outflow through the conventional trabecular pathway
[22, 23]. It acts by decreasing actomyosin-driven cellular contraction and reducing

73



Ocular Hypertension — New Advances

production of fibrogenic extracellular matrix proteins [25]. It also reduces IOP by
decreasing the production of aqueous humor as well as lowering episcleral venous
pressure [23]. These different mechanisms make Netarsudil an effective pharma-

cologic glaucoma treatment, however more research is needed to further study its
additional effects on animals in human trials.

Several clinical studies have occurred to examine the safety and efficacy of chronic
Netarsudil use. In a 12 month long clinical trial of 756 eligible patients, the ROCKET-2
study group showed that the most frequently reported adverse effects associated
with once daily Netarsudil use were ocular. The most common effect was hyperemia,
followed by corneal verticillata and conjunctival hemorrhage [25]. All of these effects
were reported as mild and there was no clinically meaningful impact of corneal ver-
ticillata on visual function upon observational follow up [25]. Other reported adverse
effects of Netarsudil include instillation site pain, blurred vision, increased lacrima-
tion, eye pruritus, and erythema of the eyelid [17]. Phase 3 clinical trials ROCKET-1
and ROCKET-2 reported that the Netarsudil was able to elicit statistically significant
reductions from baseline intraocular pressure and was evaluated to be noninferior to
the IOP reducing effects of Timolol on open angle glaucoma and ocular hypertension
patients [26]. The mean decrease from baseline IOP for once daily Netarsudil ranged
from 3.3-4.6 mm Hg while those for Timolol ranged from 3.7-5.1 mm Hg [26]. This
provided a 16-21% decrease in intraocular pressure for Netarsudil and a 18-23%
decrease in IOP with Timolol [26].

To truly evaluate the potential of Netarsudil to become a popular clinical treat-
ment, it is important to compare it against the efficacy of Latanoprost. One clinical
trial comparing Netarsudil to Latanoprost concluded that Netarsudil was approxi-
mately 1 mm Hg less effective than Latanoprost in patients with unmedicated intra-
ocular pressures between 22 and 35 mm Hg [27].

Interestingly, they also remarked that the adverse effect of ocular hyperemia
was more prominent in both tested concentrations of Netarsudil than they were for
Latanoprost [27]. Additionally, many large scale literature reviews and meta-analyses
have been conducted comparing the older but remarkably effective Latanoprost to
the newly approved formulation of netarsudil. Results are generally consistent in
suggesting that Netarsudil is inferior to Latanoprost in reducing intraocular pres-
sure in primary open angle glaucoma and ocular hypertension patients. They also
conclude that Netarsudil has the potential for more ocular adverse effects [28, 29].
Although consistently proving slightly inferior to Latanoprost and similar in efficacy
to Timolol, netarsudil usage should continue to grow as a secondary line of defense
against glaucoma. The unique 3 part mechanism by which it reduces intraocular pres-
sure could be useful in treating secondary glaucoma or in patients who do not respond
well to more established IOP reducing agents. With further research, clinical trials,
and investigation into combination therapy, Netarsudil has the potential to become a
frequently utilized pharmacologic glaucoma treatment.

8. Combination therapy

Fixed dose combinations (FDCs) are an extremely useful tool in treating primary
open angle glaucoma. The use of multiple pharmacologic agents to treat glaucoma via
different mechanistic pathways has long been common clinical practice. However,
the development and subsequent use of fixed dose combinations often presents
an increased efficacy to the components of the combination when used alone.
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Additionally, FDC’s have the potential to facilitate greater adherence to medical
recommendations. Reducing the number and cost of topical drops for a patient will
lead to easier instructions, happier patients, and better clinical outcomes. This is
especially true in medically underserved communities. As discussed previously,
glaucoma disproportionately affects Black and Latino populations, and these popula-
tions have been shown to be affected by higher rates of inconsistent follow up visits
[30]. With better access to, and more efficacious fixed dose combinations, pharmaco-
logic glaucoma therapy has the potential to increase its efficiency and improve patient
outcomes.

Modern fixed dose combinations frequently used in the United States today
include Dorzolamide-Timolol (Cosopt), Brimonidine-Timolol (Combigan), and
Brinzolamide-Brimonidine (Simbrinza). These combinations are all efficacious in
their IOP lowering potential. In one study comparing combination therapies, those
with a prostaglandin analog demonstrated more powerful IOP lowering efficacy [20].
Consequently, the recently FDA approved fixed dose combination of Netarsudil-
Latanoprost (Rocklatan), has been shown to be a potent anti-glaucoma medication.
This is significant in that it combines the widely accepted prostaglandin analog that is
known as the most efficacious IOP lowering agent, with a new drug with a unique and
effective mechanism. In a phase 3 clinical trial comparing the safety and efficacy of
Netarsudil Latanoprost with its individual components, it consistently outperformed
both Netarsudil and Latanoprost monotherapy [31]. Netarsudil-Latanoprost FDC
was superior to its individual components at each time point measured in the study.

It lowered IOP by an additional 1.8-3.0 mm Hg vs. Netarsudil and 1.3-2.5 mm Hg vs.
Latanoprost [31]. After 3 months of treatment, the proportion of patients achieving
a mean diurnal IOP of less than or equal to 15 mm Hg was 43.5% for the FDC, 22.7%
for Netarsudil, and 24.7% for Latanoprost [31]. Conjunctival hyperemia was the
highest reported adverse effect and the range of effects was comparable to Netarsudil
monotherapy. The FDC did however produce a higher percentage of conjunctival
hyperemia with 53.4% patients compared to 41% with Netarsudil and 14% with
Latanoprost [31].

Severity of effects however was reported as mild and it was concluded that the
FDC of Netarsudil-Latanoprost was safe and effective for use. Pooled data by the
researchers of the different phase 3 clinical trials confirms prior results concluding
that once daily Netarsudil Latanoprost FDC produced statistically significant and
clinically relevant reductions in mean IOP when compared to its individual compo-
nents [32]. Additionally, a systematic review of clinical trials comparing Netarsudil-
Latanoprost FDC to each component yielded similar results. It concluded that the
FDC was superior in IOP lowering effectiveness, but with some concern over the
higher incidence of adverse effects when compared with Latanoprost specifically [33].
With significant efficacy and the ease of once daily dosing, Netarsudil-Latanoprost
has the potential to become a staple of combination glaucoma treatment.

9. Oral

The first generation of carbonic anhydrase inhibitors includes Acetazolamide,
brand name Diamox. It is a potent IOP reducing agent with a 25-30% reduction
possible [17]. Acetazolamide is different from other glaucoma medications in that it
is often used in a pill form. It has been used as a systemic therapeutic to treat glau-
coma for over 50 years, but presents significant adverse effects due to its inhibition
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of carbonic anhydrase in tissues other than the eye [17]. Therefore it is not recom-
mended for chronic use and is best utilized as a temporary IOP reducing measure in
instances of severe elevation. Medication in pregnancy is usually the second treat-
ment option. The FDA classifies medication into pregnancy risk categories. Category
A (norisk) to Category E (the highest risk). There are no class A glaucoma drugs on
the market. Class B includes alpha adrenergic agonists (Brimonidine, Apraclonidine)
and nonselective alpha and beta agonist (epinephrine). Class C drugs include beta
blockers, carbonic anhydrase inhibitors and prostaglandin analogs. Netarsudil and
Latanaprostene Bunod have yet to be classified. A great alternative is SLT therapy.
Medication in children is usually safe, however caution should be taken to avoid the
alpha adrenergic agonist brimonidine as it can lead to respiratory and CNS depres-
sion (lower level of consciousness and hypotonic). Medication in the elderly is safe as
long as a thorough history is taken and all comorbidities are taken into consideration
when prescribing any medication. As there are increased risks of underlying medi-
cal problems such as heart, lung, and kidney disease, any prescription given should
be prescribed cautiously. Generic medications are usually safe and many insurance
companies will only prescribe them. They have the same active ingredients and effect
as brand name medications, but may be a different, size, color, or shape. They are
usually less expensive than brand name medications. Many drug companies may
make versions of the same medication. The FDA requires that the same active ingredi-
ents in brand name drugs are in generic drugs.

10. Natural therapies

Glaucoma management focuses on reducing intraocular pressure to halt visual
field loss. Ophthalmologists are often required to invest massive amounts of time and
energy when managing glaucoma cases by working to maintain IOP in a homeostatic
range in order to preserve the anatomical integrity of the optic nerve [34]. In order
to prevent this neuropathy from being expressed, vigorous medical interventions are
required, and the treatment modalities should be personalized given the fact that no
two individual cases of glaucoma are identical to each other [34]. Data indicates that
by lowering IOP, there can be a beneficial impact on the slowing of glaucomatous
progression [35]. The following natural substances have been identified in our review
process as potential treatments to help reduce IOP in glaucoma patients while having
limited to no adverse effects.

10.1 Persimmon leaves

Persimmon (Diospyros kaki) is native to Eastern Asia, including Korea, China
and Japan [36]. It is plentiful in carotenoids (e.g., lutein and zeaxanthin), which
can protect eyes from detrimental optic disorders, such as glaucoma, cataracts, and
macular degeneration [36]. Just like its fruit counterpart, the persimmon leaves
house copious amounts of biologically active compounds, including organic acids,
polyphenols, flavonoids, and vitamins, most of which are known to exert beneficial
treatment properties, such as aggressive radical-scavenging, antioxidant properties,
and immune-enhancing traits [36]. In one particular study, Ahn et al. efficaciously
created a microbeads-induced ocular hypertension glaucoma model and compared
the results with those of DBA/2 mice, as both animal models develop age- dependent
glaucoma phenotype. Furthermore, both animal models can effectively raise and
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sustain IOP, which is optimal for validating the pharmacologic efficacy of the per-
simmon leave extract. Undeniably, IOP in both the DBA/2 and microbeads-induced
ocular hypertension mouse models was raised to a level substantially higher than that
of the control group mice. Persimmon leave extract distribution via ocular eye drop
absorption produced IOP values akin to those recorded from treatment with pros-
taglandin analogs (i.e., Xalatan), which is the most commonly used pharmacologic
agent used in glaucoma management [37].

10.2 Omega-3-fatty acids

One specific dietary factor that has piqued the interest of researchers has been
whether or not omega-3 essential fatty acids can prevent and/or support therapies
for a host of prevalent health conditions, including glaucoma [38]. As omega-3 and
omega-6 fatty acids compete in vivo for enzymes regulating their metabolism, the
ratio of consumed omega-3 to omega-6 essential fatty acids regulates the inflam-
matory condition of the body, with omega-3’s amplifying prostaglandin metabolism
which subsequently promotes the production of anti-inflammatory eicosanoids
[38]. This chain reaction helps keep inflammation in the body to a minimum [38].
Data indicates that individuals who ingest high amounts of omega-3 essential
fatty acids in their diet tend to express a reduced risk of heart disease mortality,
abated age-related neurological decline, and a decreased risk of age-related macu-
lar degeneration. Additionally, an absence of omega-3 essential fatty acids may
expose individuals to optic diseases in the elderly stages of life [38]. It serves that
the possible perk of omega-3 fatty acid supplementation has undergone assess-
ment in clinical trials for ocular diseases that show an increased prevalence with
age, particularly age-related macular degeneration and glaucoma [39]. Data from
the cross-sectional National Health and Nutrition Examination Survey indicated
that elevated amounts of daily consumption of the long-chain, polyunsaturated
omega-3 fatty acids, eicosapentaenoic acid, and docosahexaenoic acid, was associ-
ated with a lesser prevalence of glaucomatous optic neuropathy [39]. Moreover, in
that same cross-sectional study, it was shown that the likelihood of an individual
having glaucoma was nearly three times as high in individuals whose daily dietary
total long-chain omega-3 consumption level was in the second and third quartiles,
compared to those in the first quartile [39].

10.3 Ginseng

Ginseng, (i.e., the roots of Panax ginseng, P. notoginseng, and P. quinquefolius),
has been broadly utilized as a panacea for a wide spectrum of medical conditions for
many years and is currently being scientifically analyzed for its efficacy in the treat-
ment of certain ocular diseases, such as glaucoma [40]. Numerous studies have shown
the effects of ginseng extract or ginsenoside on all four of the major eye conditions
previously listed in this review, including glaucoma [41]. The ability to unearth natu-
ral treatments that would replace more toxic and expensive pharmaceutical agents
to prevent or prolong glaucomatous progression and subsequent blindness would
sustain a higher quality of life while also simultaneously easing the financial burden
associated with managing this condition. Investigations have been initiated to reveal
the preventative and therapeutic effects of ginseng and ginsenosides on a multitude
of ocular diseases. There have been some strong indicators that suggest the biochemi-
cal mechanisms of antiinflammation, antioxidation, elimination of waste products,
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and inhibition of vascular endothelial growth factor are thought to be involved in the
therapeutic outcomes for this natural substance [41].

10.4 Curcumin

Curcumin (diferuloylmethane) is a compound derived from the rhizome of the
Indian spice turmeric (Curcuma longa) and belongs to the class of micronutrients
known as the polyphenols [42]. Curcumin has been observed to play a role in slow-
ing, and in some cases, even reversing age-related macular degeneration, diabetic
retinopathy, retinitis pigmentosa, proliferative vitreoretinopathy, and retinal cancers
[43]. This makes curcumin a particularly interesting agent when examining natural
treatment modalities for the treatment of retinal disorders and glaucoma.

10.5 Baicalein

Baicalein is categorized as a flavonoid glycoside. After it loses a water molecule
via hydrolysis, it converts into a closely related aglycone known as Baicalein [44].
Baicalein is commonly found in the plants of the genus Scutellaria (Lamiaceae) asa
major component of leaves, root bark, and fruit while Baicalin is found in bountiful
amounts in stem bark and leaves [44]. There have been multiple investigations that
have concluded that both these molecules have a tremendous capacity to function
as powerful anti-inflammatory mediators [44]. One of the chief anti-inflammatory
mechanisms that these molecules use is reducing oxidative stress in the cellular
environment, which in turn improves the antioxidant status of the host cell [45].
Additionally, we encountered data demonstrating that baicalein suppresses the net
chloride-transport and fluid movement across the excised ciliary epithelium, poten-
tially reducing the aqueous humor formation and IOP [46].

10.6 Saffron

Saffron (Crocus sativus L.) is one of the oldest cultural and culinary spices
used. Saffron ingestion has been shown to catalyze significant radical scavenging,
anti-inflammatory, and anti-apoptotic activities in multiple investigations [47].
Biochemical pathways are activated from the diverse collection of bioactive agents
housed in the spice. In one study, a total of 34 randomized subjects including 17
patients (7 female and 10 male individuals) were selected to be in the experimental
saffron group and 17 other patients (6 female and 11 male individuals) were slotted
to be in the placebo group [48]. The average baseline IOP measured 12.9 + 3.7 versus
14.0 + 2.5 mmHg in the saffron and control groups, respectively (p = 0.31) [48].
After 21 days of treatment, IOP was significantly decreased to 10.9 + 3.3 mmHg in the
saffron group as compared to 13.5 + 2.3 mmHg in the control group (p = 0.013) [48].
Collectively, this set of data points strongly suggests that oral aqueous saffron extract
seems to exert an ocular hypotensive effect in primary open-angle glaucoma patients.

10.7 Dietary nitrates

There is a consensus that dietary nitrates are fundamentally inert and are only
activated biochemically after reduction to nitrite [49]. Nitrate serves as a source,
via successive reduction, to produce nitrite and nitric oxide as well as a host of other
metabolic compounds. In one specific study, the authors set out to find evidence that
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supports the association between dietary nitrate intake, derived from green leafy
vegetables, and the onset of glaucoma. The key finding that arose from the data was
that compared with the lowest quintile of dietary nitrate intake (80 mg/d), the high-
est quintile (240 mg/d) was associated with a 21% lower risk of all glaucoma and 44%
lower risk of glaucoma with early paracentral visual field loss [50]. This key finding
could have a significant impact on the future direction of treatment modalities for
glaucoma if the association of higher dietary nitrate consumption is correlated with a
lower glaucoma risk and this relationship is confirmed via observational or interven-
tional studies [50].

10.8 Ginkgo Biloba

In modern times, Ginkgo biloba is one of the most prescribed and used herbal
medicines in the United States with market sales of over $150 million in 2015 [51].
As far as a potential therapeutic agent for the management of glaucoma, there are
three main properties of this herbal extract that make it appealing to researchers and
ophthalmologists: (1) ability to increase vascular flow and reduce blood viscosity; (2)
antioxidative inducing effects; and (3) neuroprotective enhancing properties [52].

10.9 Green tea

Green tea is an ancient Chinese drink derived from the Camellia sinensis plant.
Green tea has been studied intensely for its possible protective effects against heart
disease and cancer and this discussion is designed to probe its possible role in the
treatment and management of glaucoma. We encountered a significant study which
set out to show the therapeutic effect of green tea extract on ischemia-induced retinal
ganglion cell degeneration in an animal model of rats. There were six fundamental
takeaways that were reported to be significant out of this animal model study and
they are as follows: (1) oral administration of 275 mg/kg of green tea extract was
safe and no toxic or detrimental effects were observed in the retinas of the observed
rats; (2) ischemic reperfusion induced retinal ganglion cell degeneration in rats; (3)
ischemia injury induces a pathological cocktail of inflammation, oxidative stress, and
cell apoptosis in the retina; (4) green tea extract treatment effectively ameliorates
ischemia-induced retinal ganglion cell degeneration; (5) green tea extract treat-
ment inhibited the pupillary light reflex and retinal ganglion cell impairment in rats
Naturak Medication Options after induced ischemic injury; and (6) green tea extract
treatment reduced cell apoptosis, oxidative stress, and inflammation and increased
survival signal in the retina [53]. Together, these revelations highlight a significant
protective effect of green tea extract on retinal ganglion cell degeneration caused by
ischemia and suggest a beneficial therapeutic application of green tea extract for the
management of glaucoma.

10.10 Hesperidin

Hesperidin is a major flavonoid found in almost all citrus fruit and various
polyherbal formulations and is one of the chief nutrients of the vitamin P class [54].
Virtually all observed therapeutic mechanisms are associated with hesperidin’s ability
to promote antioxidant defense mechanisms while concurrently suppressing the
synthesis of pro inflammatory cytokines [55]. Flavonoids such as hesperidin, present
a strong case for use as a therapeutic agent for glaucoma management due to their
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lower toxicity at higher doses and prolonged period of treatment duration that has
been shown in animal model studies [56]. In one study, Lu et al. selected hesperidin
due to its strong antioxidant potential. Kara et al. have reported the therapeutic effect
of hesperetin against apoptosis in ischemia-induced retinal injury model of rats [56].
Moreover, Maekawa et al. have described the neuroprotective effect of hesperidin in
N-methyl-D-aspartate -induced retinal injury [56]. There have been multiple experi-
ments that have highlighted the therapeutic potential of bioflavonoids against ocular
disorders. Estruel-Amades et al. have noted the therapeutic potential of hesperidin
against oxidative stress in rats [56]. This data indicates that hesperidin supplementa-
tion was effective against glaucoma in experimental rat models.

11. Lifestyle modification

As with most chronic conditions, the expression of different glaucoma prevalence
rates within different subsets of our populations is due to a delicate balance of both
genetic and environmental factors being co-expressed simultaneously. Therefore, no
review on natural treatments for the management of glaucoma would be complete
without addressing the fundamental areas of key lifestyle modifications that can
be implemented to improve upon the prevention and treatment regrading desirable
health outcomes of glaucoma cases. There have been a multitude of active chemical
compounds identified in tobacco smoke that have been found to have toxic ocular
effects via oxidative pathways or ischemic mechanisms [57]. We identified a recent
study derived from a population sample drawn from the United States National Health
and Nutrition Examination Survey that identified the correlation that high volume
smoking (i.e., multiple packs of cigarettes per day) was associated with greater risk of
the onset of glaucoma with a specific odds ratio being calculated at 1.7 [58].

One of the most studied lifestyle modifications is exercise. It has been demon-
strated that aerobic inducing exercises can lead to decreased IOP, while activities such
as yoga and strength training (i.e., isometric exercise) can have the inverse effect
of raising IOP levels by increasing intrathoracic pressure [59]. When specifically
examining the association between glaucoma prevalence rates and exercise participa-
tion, there was an influential population-based study that highlighted a U-shaped
association for male participants in the study [60]. This nonlinear data showcased the
association of high and low levels of exercise intensity with higher prevalence rates
of glaucoma when evaluated against data produced from moderate intensity exercise
sessions [60]. Therefore, it seems reasonable to state that exercise, when performed
ideally at a rate of three times a week can be suggested to improve a patient’s general
health and decrease risk of glaucoma.

12. Racial and ethnic disparities in glaucoma

Disparities in healthcare exist across a wide range of diseases and medical condi-
tions. It is important to acknowledge racial and ethnic disparities when reviewing
a specific disease in order to promote awareness and improve patient outcomes.
Members of minority groups in the.

United States and the world often have less access to and receive lower quality
medical care than White individuals. They also have lower rates of representation
in clinical studies than White Americans. This presents a significant problem in the
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treatment of glaucoma. The standard treatment for primary open angle glaucoma is
reducing intraocular pressure. Therefore, it is critically important to adhere to medical
and surgical appointments and to follow therapeutic regiments in order to increase
clinical outcomes. Black and Latino racial and ethnic patient status has been shown

to be an independent risk factor for inconsistent follow up visits at appointments and
lower rates of glaucoma testing. Cost, health literacy, and access to screening are some
of the greatest obstacles that Black and Latino patients face with respect to glaucoma
[30, 61]. Another factor that could add to this disparity is that less than 2% of ophthal-
mologists in the United States identify as Black or Latino [30]. This has the potential to
negatively affect patient interactions, trust, communication, and satisfaction.

13. Disparities in care: clinical trials and beyond

Globally, it is estimated that 76 million people suffer from glaucoma with a
projected jump to 112 million by 2040 [2]. This number indicates the importance
of studying this disease and continuing to search for therapeutics that can improve
patient outcomes. This involves improving racial and ethnic diversity in study partici-
pants. Glaucoma has been shown to affect Black and Latino populations at a signifi-
cantly higher rate than White populations in the United States. It is reported that this
disease is 7 times more likely to cause blindness in Black individuals when compared
with White individuals, and 15 times more likely to cause visual impairment in Black
individuals than White individuals [62]. As mentioned previously, primary open
angle glaucoma (POAG) is the most common form of glaucoma. Additional statistics
indicate that Black individuals had a higher prevalence rate of POAG than White indi-
viduals in the United States. Black persons had the highest rate at 3.4% while White
persons had a rate of 1.7% [62]. Additionally, increasing the diversity of clinical study
participants will help with understanding how to better improve clinical outcomes
for Black and Latino populations. Allison et al. reported that between 1994 and 2019,
White participants made up 70.7% of study populations, while Black participants
made up only 16.8% and Latino individuals only 3.4% [62]. It has been theorized that
there could be genetic variants associated with the increased rate of glaucoma in Black
populations. However, previous observational studies have proven to be inconclusive
[62]. It is commonly agreed upon that further research is needed to study the genetic
mechanisms of primary open angle glaucoma.

Although more genetic studies into POAG disparities in race and ethnicity need
to be performed, it is clear that that socioeconomic status plays a central role in these
epidemiologic differences. Socioeconomic status is a social determinant of health and
it is commonly understood that racial and ethnic minority groups in the United States
experience more socioeconomic disadvantages when compared to White individuals
[62]. As socioeconomic disadvantages increase, the use of eye care services for age
related diseases decreases [63]. Minority populations in the United States are under-
served and over-affected by POAG.

14. Conclusion

Glaucoma is the leading cause of irreversible blindness worldwide. With a popu-
lation of patients expected to grow to 112 million people globally by 2040 [2], it is
important to continue to develop new pharmacologic therapies to control intraocular
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pressure. While the prostaglandin analog latanoprost continues to be the widely
accepted first line IOP reducing agent used today, the recently developed Rho-kinase
inhibitor netarsudil, and fixed dose combination of netarsudil-latanoprost should
continue to increase in utilization as both second line and combination therapy drugs.
In addition to once daily dosing and complementary mechanisms of action, future
directions of glaucoma treatment should work to increase clinical outcomes through
more research on natural therapeutics, sustained release mechanisms, and achieving
longer acting effects. Prioritizing patient care by decreasing medication burden will
lead to increased compliance, improved satisfaction, and better patient outcomes.
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Chapter 6

Modalities of Measuring
Intraocular Pressure: Updates
and Advances

Sohum Sheth, Kevin Peng, Ankit Shah and Mark Disclafani

Abstract

Accurate measurement of intraocular pressure (IOP) is a vital part of ocular
hypertension management to prevent progression toward glaucoma. IOP remains
as one of the only significantly treatable risk factors for glaucoma, thus illustrating
the importance of tonometry. Our chapter intends to compare the various modali-
ties of tonometry, including applanation, indentation, rebound, dynamic contour,
and transpalpebral scleral palpation. Moreover, we will discuss advances that enable
continuous 24-h IOP monitoring, including contact lens sensors and implantable
microsensors and review implications for glaucoma diagnosis and management. We
will consider aspects, such as mechanisms, accuracy and precision, ease of use, and
possible limitations or complications of each modality.

Keywords: intraocular pressure, tonometry, applanation, noncontact, indentation,
rebound, dynamic contour

1. Introduction

Intraocular pressure (IOP) remains at the core of the ophthalmologic physical
exam. As a careful balance between production and outflow of aqueous humor,
disruptions to the equilibrium can lead to many pathologies, such as retinal
detachment, uveitis, and glaucoma. IOP remains an important method of assessing
the severity and progression of glaucoma, as well as efficacy of glaucoma treatments.
With an appreciation of the biology that underlies aqueous humor dynamics, several
instruments have been developed to obtain IOP measurements. The accuracy and
precision of IOP readings have significant clinical implications and must be considered
in the context in which the reading was taken, including the methodology used to
obtain it. From a single reading through Tono-Pen tonometry to surgically implanted
suprachoroidal microsensors with continuous IOP monitoring, each modality carries
its own set of strengths and weaknesses. In this chapter, the various modalities to
measure IOP are reviewed to provide the clinician with an understanding of the
principles that enable IOP measurement and evidence regarding instrument use. In
addition to evaluating conventional techniques of IOP measurements, an assessment of
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emerging techniques with the potential to revolutionize IOP monitoring and glaucoma
management is discussed.

2.10P principles: A function of aqueous humor production and outflow

IOP represents the magnitude of force exerted by the aqueous humor (AH) on the
inner surface of the anterior eye. This relationship is shown in the Goldmann equa-
tion, which states that IOP = (F/C) + P, where F is aqueous flow rate, C is aqueous
outflow, and P is the episcleral venous pressure. In effect, IOP indicates the balance
between AH production and exit. Dysfunction in the balance between AH production
and drainage can lead to increased IOP and subsequent pathology. Thus, an apprecia-
tion of the anatomy and physiology that dictates these aspects of aqueous humor is
critical in the understanding of principles underlying IOP measurement.

2.1 AH production

Aqueous humor is produced by the cells in the ciliary body. Specifically, the
anterior-most portion of the ciliary body constitutes the pars plicata, which contains
the fingerlike projections of the ciliary process. The ciliary processes, in comparison
to other regions of the ciliary body, contain higher amounts of interdigitations,
mitochondria, rough endoplasmic reticulum, and gap junctions consistent with the
function of aqueous humor production.

The process of AH production is conventionally broken into three steps. First,
blood flows into the ciliary processes. Next, the hydrostatic and oncotic pressure
gradient between the blood flow and the ciliary interstitium enables ultrafiltration
of the plasma into the interstitium. Finally, the ciliary epithelium actively transports
plasma ultrafiltrate from the basal side to the apical membrane and into the posterior
chamber of the eye.

The ciliary body receives both sympathetic and parasympathetic innerva-
tion. The parasympathetic fibers arise from the Edinger-Westphal nucleus and
the pterygopalatine ganglion. The sympathetic fibers arise from cervical superior
ganglion and the carotid plexus. Hydrodynamic studies [1] have shown that the rate
of AH turnover is around 1.0-1.5% of the anterior chamber volume per minute.
Moreover, diurnal variations in AH production create a pattern referred to as the
circadian rhythm of AH flow, with flow typically highest (3.0 pl/min) in the morn-
ing and lowest (1.5 pl/min) at night [2]. The mechanism underlying this patten is not
well studied, but the actions of epinephrine on the ciliary epithelium are thought to
mediate such effects [3].

2.2 Aqueous humor outflow

After production in the ciliary body, AH traverses from the posterior chamber
to the anterior chamber around the lens and through the pupil (Figure1). Two
pathways—the conventional and nonconventional outflow routes—comprise AH exit
from the anterior chamber. In the conventional pathway, AH traverses the trabecular
meshwork to enter Schlemm’s canal. From Schlemm’s canal, AH enters the collector
channels to join the episcleral venous system and, ultimately, systemic circulation.
The nonconventional outflow pathway utilizes the uveal meshwork instead of the
trabecular meshwork, with AH draining into the ciliary muscle interstitium. Via the
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Figure 1.

Aqueous humor flow and outflow, depicting conventional outflow pathway via the trabecular meshwork that
drains into the episcleval veins and nonconventional outflow via the uveoscleval pathway that drains into the
ciliary interstitium.

uveal meshwork, AH enters the connective tissue between the ciliary muscle bundles
and exits via one of three pathways, the uveoscleral, uveovortex, or uveolymphatic
routes, aptly named for the vascular endpoints of the orbital vasculature, vortex
veins, and ciliary lymphatics, respectively. Nonconventional outflow is largely
dependent on ciliary muscle tone, as shown by experiments that use the muscarinic
agonist pilocarpine to decrease nonconventional outflow. However, the definition of
the nonconventional pathway has expanded to include pathways where AH leaves
the eye other than through the trabecular meshwork, that is, retinal via the retinal
pigment epithelium (typically negligible) [4].

The relative contribution of the two principal outflow pathways is difficult to
determine, but studies [5-7] suggest that the conventional pathway accounts for
70-90% of total outflow. However, a key difference is that conventional outflow via
the trabecular meshwork is pressure-dependent, while nonconventional outflow
is not [8]. During times of inflammation, nonconventional pathway outflow can
increase to account for up to 60% of total drainage [5]. With increasing age, the
outflow utility of both pathways gradually declines, though relatively greater decline
is seen in nonconventional outflow [7, 9].

The different pathways can be selectively targeted by medications and surgery to
reduce production and increase outflow of aqueous in the management of glaucoma.

3. Key clinical trials

Key clinical trials have informed management of glaucoma and the utility of IOP
measurement in clinical practice. In 1999, results from the Early Manifest Glaucoma
Trial (EMGT) evaluated whether immediate IOP reduction in early, previously
untreated open-angle glaucoma affected disease progression [10]. Participants were
randomized to combined medical and laser therapy or no initial treatment, with
follow-up for a median of 6 years. The treatment group saw an average IOP reduction
of 5.1 mmHg (25%), with a decreased frequency of disease progression (45% versus
62%; p = 0.007) that occurred much later. Treatment was found to have a protective
effect in all patients, including those with high and low IOP, young and old age, and
early and late disease stage. Analysis showed that a 1 mmHg reduction in IOP from
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baseline was associated with a 10% reduced risk of disease progression, with later
analysis suggesting central corneal thickness as a risk factor in POAG and low blood
pressure as a risk factor in normal tension glaucoma (IOP less than 21 mmHg). EMGT
was the first large randomized clinical trial to demonstrate the utility of immediate
IOP reduction in preventing glaucomatous progression.

Prior to data from the Collaborative Normal Tension Glaucoma Study (CNTGS), it
was unclear whether IOP contributed to glaucomatous optic nerve damage and visual
field loss in patients whose IOPs were within the normal range. This study [11, 12],
however, showed that reductions in IOP by 30% slowed the rate of 5-year glaucoma-
tous damage in this population, similar to primary open-angle glaucoma (POAG).
Higher benefit was observed in females, those with a family history of glaucoma,
with mild disc excavation, without a personal history of cardiovascular disease, and
without family history of stroke. Key limitations, however, were that the definition of
normal tension glaucoma in this study (24 mmHg) was higher than typically defined
in clinic and that central cornea thickness was not measured.

The Ocular Hypertension Treatment Study (OHTS) [13-15] sought to assess
the efficacy of IOP-reduction topical pharmacotherapy in preventing initial POAG
onset. Adults with an elevated IOP (24-32 mmHg) without glaucomatous dam-
age were randomly assigned to either the observation group or the topical ocular
hypotensive group, which had a goal of 20% or more IOP reduction. Over the 5-year
study period, the observation group had an IOP reduction of 4.0% * 11.6%, while
the pharmacotherapy group had an IOP reduction of 22.5% + 9.9%. At 5 years, the
observation group had a 9.5% probability of progression to POAG, compared to
4.4% in the pharmacotherapy group (hazard ratio, 0.40; P < .0001). Thus, this study
established that topical pharmacotherapy in those with IOP greater than 24 mmHg
reduced the risk of POAG development by 60%. Besides IOP, other factors predict-
ing POAG development in the trial were older age, African American race, male sex,
larger vertical and horizontal cup—disc ratio, greater Humphrey visual field pattern
standard deviation, heart disease, and thin central corneal thickness (thickness was
553.1 + 38.8 pm in patients who developed POAG, versus 574.3 + 37.8 pm in those who
did not).

The Advanced Glaucoma Intervention Study (AGIS) [16, 17] reinforced the
importance of IOP control in preventing glaucoma progression and visual field
deterioration in eyes that had exhausted maximally tolerated pharmacotherapy and
underwent surgery. After argon laser trabeculoplasty or trabeculectomy, eyes with
IOP greater than 17.5 mmHg (based on three 6-month follow-up visits) had a greater
visual field defect (scored from O to 20) at follow-up than those with an IOP less than
14.5 (p = 0.002), with a greater degree of defect at 7 years (1.89 units; P < .001) than
at 2 years (0.64 units; P = .071). A separate analysis in the same trial showed that eyes
with less than 50% of IOP readings less than 18 mmHg (based on 6-month follow-up
visits over 6 years post-surgery) had a greater degree of visual field deterioration
compared to those with 100% of IOP readings less than 18 mmHg (P = .083), with the
level of deterioration worse at 7 years (1.93 units; P < .001) than at 2 years (0.25 units;
P = .572). Together, these findings highlighted the role of IOP management in pre-
venting visual field worsening for glaucoma patients, especially those with a more
progressed disease state.

While these trials only offer a glimpse into the history and development of glau-
coma, they demonstrate the importance of IOP in clinical practice. Whether monitor-
ing for glaucoma onset or effectiveness of intervention, measurement of IOP offers
clinicians a critical data point that holds significant predictive value.
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4. Measuring IOP

There are many considerations when designing devices to measure IOP. Accuracy
and reliability compared to true IOP, which is only measurable by invasive manom-
etry, are understandably two of the most important aspects of a device design.
However, ease of use for the practitioner as well as tolerability for the patient are
crucial factors for devices to be widely accepted for use in the clinical setting. This
section will explore the many forms of tonometry invented over the years and discuss
the advantages and disadvantages of each modality.

4.1 Applanation tonometry

Applanation tonometry is widely considered the most accurate and reliable form
of IOP quantification. These instruments work by controlling the amount of force
required to flatten a discrete area of cornea, which is used to calculate a correspond-
ing eye pressure using the Imbert-Fick law. This law states that the pressure inside an
ideal, dry, thin-walled sphere is equal to the force needed to flatten its surface divided
by the area of flattening, or P = F/A, where P = pressure, F = force, and A = surface
area of the flattened cornea [18].

4.1.1 Goldmann applanation tonometer
First invented in 1948 by Hans Goldmann [19], the Goldmann applanation

tonometer (GAT) (Figure 2) is still currently considered the gold standard of
tonometry to this day. As a truncated cone positioned on a slit lamp, the GAT makes

Figure 2.
The Goldmann applanation tonometer on the slit lamp.
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contact with the cornea with a flattened surface area of about 7.35 mm”. This is the
area at which the tear film meniscus for the tonometer head counterbalances the
resistance of the cornea to flattening. The flattening force (in grams) multiplied by
10 is what calculates the IOP (in mmHg). When using GAT in the clinic, the cornea
must first be anesthetized for patient comfort. Fluorescein dye is then applied to the
patient’s eye so that the tear film is highlighted when blue light is shined. A dual prism
embedded in the cone is used to divide the image of the tear meniscus into a superior
and an inferior arc. After using peripheral knobs to adjust the force so that the two
arcs align under slit lamp, the intraocular pressure can be read in mmHg. Although
avery precise device, the GAT must be checked for calibration intermittently by
checking whether the feeler arm is balanced at given dial positions to ensure accurate
pressure readings [20]. While it is the most commonly used device due to its relative
ease of use, accuracy (when calibrated properly), reproducibility, and affordability,
there are a few disadvantages of this method. Various corneal parameters may affect
measurement accuracy, including central corneal thickness (CCT), corneal curva-
ture, axial length, hysteresis, and so forth. CCT most greatly impacts measurements,
as the device was originally designed using the estimated average corneal thickness
of 520-540 pm [21]. A study measured IOP with GAT in the central and temporal
regions of the cornea before and after photorefractive keratectomy (PRK). It was
found that after the central areas of the cornea were thinned by PRK, they measured
an IOP 2-3 mmHg lower than the temporal regions [22]. Such studies demonstrate
that thin corneas can lead to artificially low IOP measurements, whereas thick corneas
may overestimate IOP by GAT. This is significant as thin corneas are a risk factor for
glaucoma [23, 24]. When CCT is greater than 600 microns, a steep corneal curvature
begins to have a significant impact on GAT measurements due to hysteresis and
distribution of the tear film [25]. For corneas with vastly different radii between flat
and steep meridians, GAT readings are recommended to be taken at both the steepest
and flattest corneal axes or vertical and horizontal axes if unknown. The two readings
are then averaged for the final IOP measurement [26]. Other possible limitations and
errors to GAT include the tear film getting too little or too much fluorescein, having an
irregular or scarred cornea, patient positioning with the slit lamp, GAT disinfection
and calibration between patients, and physician experience [27].

There are also portable versions of GAT, such as Perkins and Draeger tonometers,
which forgo the need for a slit lamp, allowing for supine IOP measurements for bed-
bound patients.

4.1.2 Applanation resonance tonometry

Applanation resonance tonometry (ART) (Figure 3) also uses the principles of
applanation but takes continuous measurements of force and contact area using a
piezoelectric sensor. Similar to GAT, it is mounted on a slit lamp and requires anes-
thetic drops for the patient prior to use. The sensor contains a piezoelectric element
that vibrates at a certain resonance frequency. When the sensor makes contact
with the cornea using a constant force, a shift in frequency is generated, which is
proportional to the contact area. This shift can then be used to calculate IOP using
the Imbert-Fick law given the constant force and measured contact area [28, 29].
Multiple points are measured, and the median measurement and a quality index
reflecting standard deviation are given. This feature of the device theoretically makes
ART more accurate and precise than GAT. However, past studies [30, 31] seem to
indicate that ART overestimates IOP compared to GAT. This device has many of the
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Figure 3.
The bioresonator Applanation resonance tonometer. Photo from Brusini and colleagues [27].

same disadvantages as GAT in practice, including measurements being influenced by
CCT and corneal biomechanics, use of the slit lamp and anesthetics, and the need to
sanitize the probe between patients.

4.1.3 Noncontact tonometry

Noncontact tonometry (NCT) or air-puff tonometry (Figure 4) uses the prin-
ciples of applanation but does not require anesthesia or fluorescein drops. NCT works
by gradually pulsing air at an increasingly strong force until the cornea is flattened
[32]. At that point, the production of air is stopped, and the force required to flatten is
recorded and used to calculate IOP. The disadvantages of the NCT are that it becomes
less accurate at higher subject IOPs, especially with IOP > 20 mmHg [33]. It is also
influenced by corneal properties, similar to GAT [34]. Results also seem increasingly
variable depending on the device brand and model and require regular calibration
[35]. Airborne infections could also be greater with this mode of tonometry, although
it limits risk of infection in the forms of contaminated drops or device surfaces [36].
The advantages of NCT lie in its ease of use and portability of many devices. It can be
more easily used by medical staff without slit-lamp experience and more tolerable for
patients who are less compliant with slit-lamp positioning, such as children or patients
with disabilities. This modality could be more useful as a screening tool for patients
without suspicion or risk factors of increased IOP or glaucoma undergoing routine
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Figure 4.
The Pulsair EasyEye and Pulsair desktop tonometer. Photo from Brusini and colleagues [27].

Figure 5.
The ocular response Analyzer G3. Photo from Brusini and colleagues [27].

checkups. It can be a useful alternative when GAT measurements may be difficult or
skewed, such as for patients with limited cooperation, ocular pain, increased tear film
meniscus size, or postoperative patients with lid edema.

4.1.4 Ocular response Analyzer
The Ocular Response Analyzer (ORA) (Figure 5) is a new version of the NCT.
It utilizes an optical electrical system to additionally measure corneal elasticity or

hysteresis to calculate a “corrected” IOP less dependent on CCT and other corneal
parameters. The corneal elasticity is measured by taking the difference between the
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initial applanation force measured and a second applanation force [37]. The second
applanation point is measured after fully indenting the cornea with stronger air
columns and then slowly decreasing the air pressure to allow the cornea to “reinflate”
until it reaches the second applanation point [37]. The pros of the ORA are its ease

of use of noncontact nature and it had also been shown to be less influenced by
corneal biomechanics and more accurately measures IOP after refractive surgery of
the cornea when compared to GAT [38]. It has also been shown to better predict rates
of glaucoma progression. This is due to the fact that corneal hysteresis is related to
various glaucoma factors, including high cup-to-disc ratio and visual field defects [39,
40]. It can even help detect patients with corneal pathologies, such as keratoconus,

or those at risk for corneal ectasia after refractive LASIK surgery [41, 42]. In terms of
cons, the ORA seems to overestimate IOP, particularly at high IOP values [43, 44]. It is
also a rather expensive device.

4.2 Indentation tonometry

Indentation tonometry is based on the principle that a force will sink into a soft
eye further than into a hard eye.

4.2.1 Schiotz tonometer

The first instrument that applied this principle was the Schigtz tonometer
(Figure 6), which is no longer in use in the modern-day clinical setting. To use this
instrument, the patient had to lie in a supine position and have their cornea indented
by a plunger loaded with weights ranging from 5 to 15 grams. The depth of indenta-
tion into the cornea, ranging from 0 to 10 mm, is indirectly proportional to and
converted to IOP. Additionally, the coefficient of ocular rigidity, unique to an indi-
vidual’s eye, had to be accounted for to measure a more accurate IOP. The rudimentary
measurement method using weights makes accurate IOP measurements difficult.
It is cumbersome to use, and improper positioning of the eye, variability of ocular
rigidity, and instrument variability all make the precision and reliability of this device
questionable. Furthermore, this instrument is not practical without anesthesia due to
patient tolerability. Although it is relatively affordable, simple, and does not require
electronics, the development of more accurate, precise, and tolerable instruments has
made the Schigtz tonometer obsolete in modern-day clinics and only used in remote,
low-resource settings [45].

4.2.2 Corvis ST

The Corvis ST (Figure 7) is a more novel noncontact device that uses indentation
tonometry principles using a jet of air. It has a Scheimpflug camera that monitors an
8.5 mm diameter at the center of the corneal surface. It visualizes with a high resolu-
tion of more than 4300 frames per second the corneal deformation and its return to
normal shape as the air-jet indents the cornea. It then characterizes corneal deforma-
tion parameters to produce a “biomechanically corrected” IOP [46]. As a result, it
has shown to be less impacted by CCT and corneal properties and more accurate
when measuring patients who had previously undergone refractive surgery [47]. It
has also proven to be a precise method of measuring IOP in healthy subjects [48]. It
has similar advantages as NCT and ORA due to its noncontact nature, and it further
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Figure 6.
The Schiotz tonometer. Photo from Brusini and colleagues [27].

characterizes corneal parameters. Its disadvantages include its need for specialized
training for use, table mount setup, and high cost.

4.3 Combined applanation and indentation tonometry
4.3.1 Pneumotonometer

The pneumotonometer (Figure 8) combines indentation tonometry with
applanation principles. To applanate the cornea, a 5 mm diameter silicone tip indents
the cornea using pressure of a controlled flow of air. IOP is measured at the equi-
librium point at which both the tip and cornea are flat [49]. Pneumotonometry has
been shown to be quite accurate and precise for glaucoma screening with greater
reliability than even GAT after corneal procedures, such as PRK and LASIK [50-52].
Its pros include its portability, minimal contact with the cornea, and ease of use.
Unfortunately, the silicone tip can be difficult to disinfect, and it requires anesthetics
for use and calibration for reliable readings. The pneumotonometer was also found to
underestimate IOP at lower values and overestimate IOP at higher values compared to
GAT and can also be easily influenced by CCT [53, 54].
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Figure7.
The Corvis ST tonometer. Photo from Brusini and colleagues [27].

Figure 8.
The Reichert Pneumotonometer. Photo from Brusini and colleagues [27].

4.3.2 Tono-pen

Another device that applies both applanation and indentation tonometry is the
Tono-Pen (Figure 9). The Tono-Pen is a small portable battery-powered device that
uses a footplate with a tiny plunger connected to a strain gauge on its applanation
surface. As the plunger makes contact with the cornea, it experiences increasing
resistance due to the IOP, which is recorded as force on the strain gauge. When appla-
nation occurs, the steadily increasing force decreases momentarily because the force
is shared by the footplate and the plunger. This force value is then recorded and used
to calculate IOP with the known applanation area. Multiple readings are recorded
and averaged to produce the final reading in mmHg with a standard deviation value
displayed as its reliability. This device is popular in the modern setting because it is
handheld, can be used in any position, and does not require special training [49].
Because of its small area of contact, it can reliably measure irregular corneas and eyes
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Figure 9.
The Tono-pen AVIA handheld tonometer.

with therapeutic contact lenses without removing the lenses [55, 56]. It also uses a
disposable latex cap to reduce risk of infection between patients. Despite its conve-
nience, the Tono-Pen is significantly impacted by CCT and seems to underestimate or
overestimate IOP [31, 54, 57].

4.4 Rebound tonometry

Rebound tonometry measures IOP as a function of a probe’s deceleration as it
contacts the cornea.

4.4.1iCare

The main rebound tonometer in use is the iCare tonometer (Figure 10). It uses
a magnetized probe that is propelled toward the cornea and decelerates as it makes
contact. The probe decelerates more quickly if the IOP is high and more slowly if
the IOP is low. The motion of the probe generates a voltage in an internal solenoid
that is then used to calculate IOP by a microprocessor [27]. The final IOP is aver-
aged from several consecutive measurements. iCare has shown to have strong
concordance with GAT of within 2-3 mmHg for both normal and glaucoma patients
[58, 59]. Some studies do show, however, that iCare may underestimate pressures
for IOPs greater than 23 mmHg [60]. It is also influenced by corneal parameters,
particularly estimating higher IOP with thicker corneas [61-64]. Positioning of the
tip may also influence measurements. It seems to be most accurate for mid-range
levels of IOP, ranging from 16 to 23 mmHg [62]. This device has also been demon-
strated to make reliable and repeatable measurements with an intraclass correlation
of >0.9 [65, 66]. Overall, the iCare tonometer is quick, affordable, easy to use,
portable, and can be used in any position. It does not require anesthetics and is
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Figure 10.
iCare rebound tonometer, with attached disposable probe.

Figure 11.
Diaton tonometer for transpalpebral sceval palpation. Figure from Berg and colleagues [67].

well tolerated by patients. It has minimal contact and disposable tips, reducing the
risk of infection or corneal damage and allowing for postoperative measurements.
Newer versions have even been marketed with the intention of allowing self IOP
measurements at home.

4.4.2 Transpalpebral scleral palpation

Transpalpebral scleral palpation (Figure 11) applies the principles of rebound
tonometry through the upper eyelid to estimate IOP. The Diaton tonometer is one
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such device that releases a metal rod that decelerates as it contacts the eyelid, superior
tarsal plate, and superior sclera. Its advantages are its noninvasive nature, reduced
risk of infection, lack of need for anesthesia, and portability, which may make IOP
measurements possible at home. The downside is its accuracy, only seeming to be

a better alternative to finger palpation and tactile tonometry, which are subjective
and qualitative measures of pressure [68]. Transpalpebral scleral palpation seems to
better estimate IOP in thinned cornea after photorefractive surgeries compared to
GAT [69]. However, it seems to be less sensitive overall than GAT in measuring IOP
for patients with glaucoma [70, 71]. It overestimates IOP in the lower IOP ranges and
underestimates in higher ranges. There is also poor precision and increased variability
between readings for this modality, which make it questionable for legitimate clinical
evaluation of IOP [68].

4.5 Dynamic contour tonometry

The Dynamic Contour Tonometer (DCT) (Figure 12) implements the Pascal
principle to calculate IOP [72]. According to the Pascal principle, in an enclosed
space, changes in pressure are applied to all parts of a fluid. The device is mounted
on a slit-lamp and measures pressure directly with a small piezoelectric sensor [73]
as it touches the corneal surface, theoretically uninfluenced by corneal properties
[74-77]. As aresult, it can be used for patients who have had photorefractive
surgeries. It can also measure ocular pulse amplitude, which can indirectly
characterize choroidal perfusion, an important factor in the onset and progression
of glaucoma [78]. The DCT has even been shown to have higher reproducibility
and precision compared to GAT. It generates a quality score from 1 (optimal) to 5
(unacceptable) to indicate the quality of IOP measured with a score of 1 or 2 being
reliable for clinical practice [79, 80]. While largely concordant, DCT measurements
do seem to measure much higher than GAT, particularly at low CCT [81]. The main
disadvantages of the DCT include the training necessary for use and complexity for
the patient, as cooperation with optimal head and eye positioning for a minimum
of 8 seconds is needed. The device also requires anesthetic drops, corneal contact,
and a slit lamp. Fortunately, the sensor tip is protected by disposable sensor caps to
reduce the risk of infection.

Figure 12.
The dynamic contour tonometer. Photo from Brusini and colleagues [27].
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5. Measuring IOP: Looking ahead

While advances in technology have supported innovation in implantation and
indentation tonometry, a key shortcoming is that these methods are instantaneous—
only IOP at a singular point in time is measured. It is well noted, however, that IOP
can fluctuate. This fluctuation can be 4-5 mmHg in healthy individuals and even
higher in glaucomatous eyes. The role of long-term IOP variation as a glaucoma risk
factor has been well established in clinical trials, as previously discussed. Several
studies [82-85] suggest that diurnal-nocturnal IOP fluctuations may be also indicative
of glaucoma progression. In assessing the role of 24-h IOP changes using a contact
lens sensor on the rate of visual field progression in glaucomatous eyes, a 2016 inves-
tigation [85] found that IOP parameters—which included the number of large IOP
peaks and the mean peak ratio, which accounts for the magnitude of the peaks and
time to peak—could predict the rate of glaucoma progression. Static IOP measure-
ments do not enable measurement of these parameters and may misdiagnose patients.
This can be particularly problematic for normo-tensive glaucoma patients, who
demonstrate significant damage and progression despite normal IOP values in clinic.
For this group, an elevated IOP may be found during non-clinic hours, such as at night
or early in the morning. Although clinical methods gain partial insight into diurnal
IOP variations by obtaining static IOP measurement in the morning and at night,
the appreciation of IOP as a dynamic measure has enhanced interest in continuous
tonometry to monitor disease. Several devices have been developed for continuous
IOP monitoring, ranging from contact lens sensors to surgical implants. With only a
few studies to assess the accuracy and precision of these monitors, a thorough evalua-
tion of evidence is needed to ascertain indications for and limitations of use.

5.1 Contact lens sensors: Sensimed triggerfish
The Sensimed Triggerfish (Figure 13) is a CE-marked and FDA-approved contact

lens sensor (CLS) designed for 24-h IOP monitoring. At 14.1 mm in diameter and
585 um in central thickness, the Sensimed Triggerfish silicone contact lens contains a

Figure 13.

(left) — Sensimed Triggerfish contact lens sensor worn in sample eye; (vight) — The contact lens sensor wirelessly
transmits data to an adhesive periovbital patch that includes the antenna. Via a data cable, the periorbital patch
can then transmit data to a handheld recorder device. Figure from Brusini et al. [27].

101



Ocular Hypertension — New Advances

microprocessor, two strain gauges, and an antenna. The strain gauges detect changes
in corneal shape, for which a correlation between corneal curvature and IOP has been
demonstrated in animal models [86, 87]. Strain gauge readings are taken for a 30-sec-
ond period every 5 minutes for the duration of the 24 h. The strain gauge transmits
data to a wireless periorbital antenna attached to the patient, which then further
transmits data to a portable recorder. The IOP data is recorded in millivolts and is
measured relative to the first measurement, which is taken as zero.

Studies suggest that the Triggerfish device provides reproducible data. Mansouri
and colleagues [88] spaced 24-h IOP readings one week apart in 40 patients, witha
Pearson correlation coefficient of 0.59 between sessions, interpreted by the authors
as fair reproducibility. Hollo and colleagues [89] reported a Pearson coefficient of
0.729 between CLS curves in their study of 9 patients. While data of reproducibility
is promising, a major limitation of this device is that the correlation between device
output in millivolts and IOP, in mmHg, is not established. No algorithm has been able to
convert CLS output directly into IOP, even in animal models, as different rates of CLS
output were noted per IOP change in different eyes. In enucleated pig eyes, Leonardi
and colleagues [86] noted changes in CLS output ranging from 0.067 mV to 0.124 mV
per mm Hg change in IOP. It is even more difficult to assess validity in human eyes, as
insertion of the CLS precludes traditional tonometry. Researchers have attempted to
circumvent this by utilizing the CLS in one eye and measuring IOP in the other eye.

In one study [87] of 33 patients utilizing the CLS in one eye and IOP measured every
2 hvia pneumotonometry in the other eye, the Pearson correlation coefficient was
0.956. Despite their promising data on CLS reproducibility, Hollo and colleagues [89]
did not find a correlation between change in CLS output over 24 h and change in IOP
as measured by traditional GAT before and after CLS use (r = -0.223). These studies
highlight the questions surrounding the validity of the Sensimed Triggerfish CLS.

The principal advantage of this device is its noninvasive ease of use, as many
patients are familiar with traditional contact lenses. Accordingly, it is generally
well-tolerated by both glaucomatous and non-glaucomatous patients. Typically,
two short clinic visits are required for Triggerfish use, one visit to apply the device
and one to remove the device. Studies using the visual analog scale (VAS), where 0
represents no discomfort and 100 represents severe discomfort, suggest high levels of
patient tolerability. For example, a study [90] of 20 glaucoma and 20 non-glaucoma
patients showed a VAS score of 21.82 and 26.8, respectively. Clinical studies [88, 90]
show 75-95% of patients had a device-related adverse event, though the majority
of complications were mild. Complications associated with Sensimed Triggerfish
use were hyperemia, blurred vision, and punctate keratitis [89, 91]. In one study
[88], only 3% of patients had severe complications, all of which were conjunctival
hyperemia. All complications resolved within 24 h of device removal. Moreover,
artificial tears may be utilized in the event of mild ocular pruritus.

5.2 Implantable microsensors: Eyemate-IO and eyemate-SC

While 24-h IOP monitoring via CLS is promising, patients may benefit from
continuous IOP monitoring for longer periods of time. Implantable microsensors,
such as the Eyemate-10 (Figure 14), have been developed that enable permanent
continuous monitoring of IOP. Developed by Implandata Ophthalmic Products, the
nonmagnetic Eyemate-10 device is surgically inserted into the ciliary sulcus posterior
to the iris and anterior to an artificial lens in cataract surgery. Eight pressure- and
temperature-sensitive capacitors are attached to a circular golden antenna. Each
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Figure 14.
(left) - EYEMATE-IO, for implantation into the ciliary sulcus; (vight, top and bottom) — EYEMATE-SC, for
implantation into the suprachovoidal space. Photos from Choritz et al. [92] and Szurman et al. [93].

capacitor contains two parallel plates, wherein the distance between the two plates
reflects a corresponding IOP [94]. The device weighs 0.1 g, with an outer diameter of
1.3 mm, inner diameter of 7 mm, and thickness of 0.9 mm. The readings captured by
the transducer are transferred to a handheld device, which also powers the intraocular
device via electromagnetic coupling. A smartphone app can be used to review IOP
history and set medication alerts. Through the Eyemate-IO, up to 10 readings per
second can be taken and the device can measure IOP on demand by bringing the
external device close to the eye. As this device is placed inside the eye, factors that
influence the accuracy of applanation tonometry, such as corneal rigidity and central
corneal thickness, do not play a role.

The ARGOS-01 study evaluated the Eyemate-IO device in six patients with POAG
or normotensive glaucoma receiving cataract surgery. Upon implantation, four of the
patients developed perioperative inflammation that was well controlled with steroids.
One-year results [95] showed that all participants maintained glaucoma control. Mild
pupillary distortion that remained stable over time was reported in all patients, but no
other adverse events were noted. Furthermore, central corneal thickness and endo-
thelial cell count were stable in all six patients. However, results of the ARGOS-01
trial showed that IOP as measured by the implanted sensor may drift higher.

This prompted the creation of a second-generation Eyemate device, whose
12-month outcomes were evaluated in the ARGOS-02 trial [92]. This trial of 22
patients demonstrated minimal surgical complication (most commonly, a floppy
iris) with an incision size of 5.5 to 6 mm required. Compared to the first-generation
design, decreases in pigment dispersion and transillumination defects were seen. Like
the first iteration, all implantation-related adverse events resolved promptly with
appropriate treatment. 12 months of follow-up showed correlation between device
readings and GAT results, with an interclass correlation coefficient of 0.783. However,
Eyemate-IO IOP outputs were on average 3.2 mmHg higher than GAT readings.

While the second-iteration Eyemate-10 had several improvements, key limita-
tions still existed due to device placement in the ciliary sulcus: iris chafing, iris
atrophy, pupillary distortion, and pigment dispersion [92]. Moreover, implantation
was limited to pseudophakic patients, thus excluding many patients. Accordingly,
an IOP monitor for suprachoroidal implantation, the Eyemate-SC (Figure 14), was
developed with the major advantage that the anterior chamber remains intact with
readings still independent of corneal mechanics. More compact than the Eyemate-IO,
the Eyemate-SC showed promising results in animal models [96]. Implantation of
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the device in six rabbit eyes showed no adverse outcomes, with histological analysis
demonstrating mild fibrosis without any pathology. Importantly, there was strong
correlation with device IOP and intracameral IOP up to 30 weeks following implanta-
tion with strong biocompatibility. In humans, Szurman and colleagues [97] evaluated
safety and performance of the Eyemate-SC in 23 eyes that underwent canaloplasty or
deep sclerectomy. Implantation was successful in all eyes without major complication,
choroid injury, or bleeding. Touch-sensitivity was the only device-related adverse
event during the first six months, reported in three patients. Temporary increases in
corneal astigmatism were reported in the early postoperative period. While device
IOP and GAT IOP did show transient deviations in agreement in the first few weeks
after implantation, these discrepancies normalized after three months with an agree-
ment of -0.15mm Hg + 2.28 between GAT IOP and Eyemate-SC IOP after six months.
It is likely that this increased initial discrepancy is due to corneal astigmatism caused
by device implantation of the device, which has been shown to affect GAT IOP values
[98]. 2023 results [93] of the 12-month follow-up period of the same cohort continued
to show promise, with no evidence of device migration or major adverse events from
the device. In terms of Eyemate-SC accuracy, mean IOP difference between GAT and
Eyemate-SC was 0.8 mmHg, with 8.3% of measurements showing a discrepancy of
>5 mmHg. As the eye healed following surgery, readings improved in accuracy. From
three months to twelve months, the mean difference between GAT and device telem-
etry readings was -0.2 mmHg, with all device measurements within 5 mmHg of GAT.
Overall, one-year outcomes of the Eyemate-SC point toward promising outcomes in
safety, tolerability, and efficacy.

5.3 Injectable microsensor: IOP connect

While the Eyemate devices require surgical implantation, IOP Connect by
Injectsense is developed for outpatient implantation via intravitreal injection or
as an intraocular lens-embedded device [99]. At 4.6 mm x 1 4 mm x 0.6 mm, the
implantable iteration of the device consists of a pressure sensor microelectrome-
chanical systems (MEMS) chip, an ASIC chip that is connected to the pressure
sensor for telemetry and charging, and a solid state microbattery chip. The device
captures IOP readings at intervals specified by the physician. Once a week, the
patient must utilize a wearable receiver, in the form of smart glasses, for a few min-
utes to enable data upload and charging. IOP Connect received FDA Breakthrough
Device Program designation in 2020. No results have been published regarding
device efficacy to date.

6. Conclusion

The importance of IOP in ophthalmologic practice cannot be understated.
Investigations into the physiology of aqueous humor dynamics and several clinical
trials have identified IOP measurement and monitoring as the mainstay for know-
ing when to intervene for numerous pathologies, such as glaucoma. Appreciation of
applanation principles enabled development of the GAT, which became the gold stan-
dard for IOP measurement. Over time, numerous instruments have been developed
using the principles of applanation and indentation. As data-driven medicine evolves,
continuous IOP monitoring will better illuminate variations in IOP over time. Several
continuous IOP sensors have been developed, including contact lens sensors for 24-h
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use and suprachoroidal implants for long-term monitoring. While significant clinical
trials are still needed to validate continuous IOP monitors, they represent a promising
therapeutic tool that may revolutionize the management of glaucoma. Of the many
devices that have been developed, each has their distinct strengths and weaknesses in
terms of accuracy, reliability, practicality, and cost. Ultimately, it is up to the clinician
to choose the device that best suits the unique circumstances of their practice and
their patients.
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Chapter7
When to Treat Ocular Hypertension?

Gian Franco Diez Cattini

Abstract

How to decide which patient should receive treatment to prevent conversion to
glaucoma? Ocular hypertension is the only treatable risk factor for glaucoma, yet not
all patients with hypertension develop glaucoma, and not all glaucoma patients have
ocular hypertension. Deciding when and how to start treatment can be challenging,
particularly in patients without other risk factors. When facing this dilemma one
should ponder: the patient’s risk tolerance/avoidance, the prospect of long-term topical
treatment including adverse effects, the psychological and economical burden of a
pre-disease state and its treatment, treatment compliance, and the possibility of over-
treating. New tools such as Al-guided image analysis, improved testing algorithms, and
novel minimally invasive treatments may help control and weigh this risk factor more
conveniently, avoiding over-treatment but preventing glaucoma-related blindness.

Keywords: ocular hypertension, treatment, topical medication, risk factors,
laser in glaucoma

1. Introduction

Ocular hypertension is the most recognizable risk factor for glaucoma-related
vision loss and has long been associated with an increased risk of blindness. Our
understanding of the pathophysiology of ocular hypertension has significantly
changed in recent decades, and new clinical evidence has allowed us to fine-tune
guidelines regarding when and how to treat ocular hypertension in order to avoid
vision loss.

Intraocular pressure (IOP) is the result of the dynamic process of aqueous inflow
and outflow from the anterior segment of the eye [1]. In the healthy eye, the aqueous
balance is fairly stable. Inflow involves a highly specialized active secretion process
carried out in the ciliary body epithelium, while outflow is influenced by biochemical
and mechanical factors (pressure-dependent and pressure-independent mechanisms)
that facilitate drainage. Glaucoma and ocular hypertension are typically caused by
arestriction in the outflow of fluid from the eye, either in the trabecular outflow
apparatus (Schlemm?’ canal, trabecular meshwork), the uveoscleral pathway, or the
post-trabecular structures [2, 3].

Several high-quality randomized clinical trials have demonstrated that lowering
IOP slows glaucoma conversion, glaucoma progression, and outcomes related to
visual loss [4-9]. However, not all eyes respond equally to the same amount of IOP
elevation: most hypertensive eyes do not develop glaucoma even without treatment,
and a sizeable proportion of glaucomatous eyes never register high IOPs (normal
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tension glaucoma) but respond well to IOP-lowering therapies [4]. These differences
can be attributed to varying IOP threshold sensitivities among patients or to different
mechanisms of retinal nerve fiber layer damage (vascular dysregulation, trans-lamina
cribrosa pressure gradient).

Treating ocular hypertension is therefore not straightforward, and an individual-
ized approach considering the magnitude and mechanism of intraocular pressure
elevation, the daily pressure fluctuations, the presence of other risk factors (positive
family history, age, low-corneal hysteresis), the patient’ risk tolerance, and the safety
of available treatment options must be adopted.

2. Risk factors for ocular hypertension

Ocular hypertension (OHT) is defined when finding high-intraocular pressure
readings (above 21 mmHg) in a patient without evidence of glaucomatous neu-
ropathy. The cut-off value of “normal” IOP is based on epidemiological studies in a
healthy population and is not representative of all ethnicities or age groups but serves
as an accurate guideline to which all patients are compared.

The most relevant risk factors for the development of ocular hypertension are:

1. Ethnicity and age: Afro-descendants and Latinos have higher average IOPs than
Caucasians. These populations also have higher prevalence of glaucoma and are
considered at higher risk of glaucoma-related blindness [9]. Intraocular pressure
is higher in older populations, and glaucoma prevalence rises through life in a
linear fashion.

2.Family history: The presence of a first-degree relative with ocular hypertension
or glaucoma increases the risk of developing ocular hypertension three to four
times greater [10]. Multiple genetic loci have been identified, but inheritance is
considered multifactorial with variable expressivity [11]. When there is a clear
family history, hypertension tends to present itself sooner and in higher magni-
tude in subsequent generations.

3. Ocular pathology: Some ocular abnormalities increase the odds of developing
high IOP; the most common are: pseudoexfoliation syndrome, pigment disper-
sion, history of active inflammation, trauma, or previous surgery [12]. Second-
ary OHT and glaucoma are usually approached differently from cases with no
identifiable cause and management can differ. In this chapter, we will be referring
almost exclusively to primary OHT and primary open-angle glaucoma (POAG).

4. Central corneal thickness and corneal hysteresis: Central corneal thickness has
been found to be an independent risk factor for the development of glaucoma
[7]. The theory of this association has not yet been proven but involves the rela-
tionship of corneal thickness and corneal force dampening with ocular rigidity
and lamina cribrosa deformity.

Some risk factors that are frequently mentioned in literature on glaucoma and
OHT can be also considered early manifestations of the disease and even be the only
finding in such cases and should therefore be considered when calculating the overall
risk of progression. These are:
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1. Cup-to-disk ratio (CDR): A larger cup can be found in normal individuals, par-
ticularly in large discs. The cup-disk ratio is usually the first finding that alerts the
clinician to look for possible glaucomatous retinal nerve fiber layer loss. In at-risk
individuals, a larger CDR increases the risk of lifetime conversion to glaucoma.

2.Disc hemorrhages: also called splinter hemorrhages, are commonly found in
glaucoma patients and are considered hallmark of glaucomatous progression. The
finding of disc hemorrhages can weigh considerably when assessing overall risk.

3. Peripapillary atrophy: Atrophy around the optic disc is common in glaucoma and
may sometimes be a predictor of RFNL thinning. Beta peripapillary atrophy is
associated with higher probability of glaucoma.

3. What is the evidence on treating ocular hypertension?
3.1 Early treatment lowers the risk of glaucoma conversion in OHT

The Ocular Hypertension Treatment Study (OHTS) conducted a randomized trial
with 1408 patients having ocular hypertension (defined as IOP above 24 mmHg in at
least one eye) assigned to either treatment or observation [6, 7]. After a 60-month
follow-up, only 4.4% of patients in the medication group and 9.5% in the observation
group developed Primary Open-Angle Glaucoma (POAG), illustrating a remarkable
60% risk reduction. Over 13 years, the cumulative proportion of patients developing
POAG in the treatment group was 0.16, compared to 0.22 in the observation group [6].

It is important to notice that most of the observation cohort did not develop
POAG. Individual risk factors should be taken into consideration when starting medi-
cal therapy to avoid over-treatment.

3.2 Higher risk patients have greater odds for glaucoma conversion in OHT

The OHTS study also revealed that African American participants showed a higher
proportion of POAG development in both groups, with 6.9% in the medication group
and 12.7% in the observation group [7]. A risk factor analysis was carried out, finding
that those associated with a higher risk of POAG were family history of glaucoma,
corneal thickness of 555 pm or less, older age, higher IOP, and larger cup-to-disk ratio.

In the 12 year follow-up phase, early treatment was found to be more protective
than delayed treatment (started after the first 7.5 years of the first stage study),
particularly in the higher risk group of patients. Higher risk individuals should be
approached more closely, and the decision of early treatment be considered sooner,
deferring treatment in these patients may carry a penalty that may not be caught up if
treatment is started only after finding glaucomatous damage.

3.310P-lowering treatment slows glaucomatous progression

The Early Manifest Glaucoma Trial (EMGT) examined the efficacy of reduc-
ing IOP to prevent the progression of POAG. In this study, 255 patients with newly
diagnosed POAG were randomized into two groups: a treatment group receiving
laser trabeculoplasty and hypotensive drops, and an observation group. Patients in
the observation group exhibited greater progression in visual fields and optic disc
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findings, accounting for 62% compared to 45% in the treatment group. Although
both groups showed progression over time, the control group experienced more
significant deterioration, suggesting the beneficial effect of treatment [8].

In established advanced glaucoma, the Advanced Glaucoma Intervention Study
(AGIS) found that eyes with average IOP greater than 17.5 mmHg progressed more
than those under 14 mmHg, and patients that had IOP under 18 mmHg on all visits in
the 6-year follow-up had close to no change in the basal visual field defects [9].

3.4 10P-lowering therapy slows normal tension glaucoma

IOP-lowering therapy also slows down the progression of Normal Tension
Glaucoma. The Collaborative Normal Tension Glaucoma Study enrolled 140 patients
and randomly assigned them to two groups [13]. One group received IOP reduction
of 30% from baseline, while the other remained untreated (control group). The
study found that reducing IOP by 30% slowed the rate of progression in visual fields
compared to the control group. Notably, up to 65% of patients in the control group
showed no progression during the 5-year follow-up.

4. Treatment strategies

Traditionally, IOP treatment starts with topical hypotensive medications, either in
ocular hypertension or glaucomatous patients. These topical medications are typi-
cally the first-line approach due to their ease of use, effectiveness in lowering IOP,
and relatively low risk of systemic side effects. Most glaucoma patients, and many
OHT patients will use one or more topical hypotensive medication in their lifetime.
Careful selection of an appropriate medication can help control the disease with great
integration to the patient’ daily routines. This integration facilitates a consistent man-
agement plan, increasing the likelihood of treatment adherence and enhancing the
overall efficacy of the therapeutic regimen.

Commonly prescribed topical medications include prostaglandin analogs which
act enhancing uveoscleral outflow; beta-blockers, alpha-agonists, and carbonic
anhydrase inhibitors all act as aqueous production inhibitors, and rho kinase inhibi-
tors, a newer class of hypotensive medications which act on the trabecular meshwork.
Through these diverse mechanisms, they lower the IOP and halt the degeneration of
retinal ganglion cells.

Recent efforts have been made to decrease medication burden and adverse effects,
increase adherence, persistence, and overall patient quality of life and other patient-
reported outcomes. Out of these efforts, preservative-free and fixed-combination
medications have entered the market and the use of other therapies such as selective
laser trabeculoplasty (SLT) and minimally invasive glaucoma surgery (MIGS) has
claimed a place in the treatment of early stages of glaucoma and ocular hypertension.

This novel point of view is encapsulated in the term “interventional glaucoma,”
signifying a shift in the approach toward pre-emptive tactics aimed at stalling glau-
comatous progression and safeguarding vision. Central to this approach are early and
safer interventions designed to strengthen adherence, amplify glaucoma control, and
gauge the enhancements in quality of life. By embracing this perspective, the need
for medication escalation and medication-linked adversities is decreased, while also
reducing the fluctuations of intraocular pressure and the overarching trajectory of
disease progression.
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4.1 Medical therapy

Whenever possible, medical therapy should start with a single agent; drug combi-
nations can be considered when a greater amount of IOP decrease is desired, and it is
unlikely to be achieved with a single medication.

Prostaglandin analogues (PGAs) are usually the first choice as they have the high-
est potency, once-daily administration and a good safety profile [14]. There is increas-
ing availability of preservative-free formulas worldwide. Special care should be taken
in patients with history of ocular inflammation or complicated cataract surgery;
otherwise, adverse effects are usually limited to mild ocular redness and discomfort.
Prostaglandin orbitopathy (periorbital fat atrophy) and other cosmetic changes
(hyperpigmentation) can become significant and should be assessed at every visit.

Beta-blockers are also considered a good first-line choice when PGAs are not ideal
or as adjunctive therapy when treatment escalation is needed. Beta-blockers should
be used with care or avoided in patients with pulmonary of cardiac problems. Other
medications are usually reserved as third-line agents either alone or in fixed combina-
tions when IOP is not at target or progression is documented. Newer drug classes
such as rho-kinase inhibitors (netarsudil) and nitrous oxide donors (latanoprostene
bunod) are usually used in combination with PGAs.

4.2 Selective laser trabeculoplasty (SLT)

Laser Trabeculoplasty has been utilized for glaucoma treatment for over two
decades [15]. However, recent evidence from randomized controlled studies has
proven its efficacy as a first-line therapy in patients with ocular hypertension (OHT)
and varying degrees of glaucoma.

The LIGHT study (Laser in Glaucoma and Ocular Hypertension Treatment
study) compared selective laser trabeculoplasty (SLT) to eye drops as the primary
treatment. It assessed various outcomes, including quality of life, cost-effectiveness,
intraocular pressure (IOP) reduction efficacy, and adverse effects. At the 36-month
mark, no difference in quality-of-life scores was observed. However, there was a slight
advantage in terms of the percentage of eyes reaching the target IOP, fewer treatment
escalations, less progression in visual fields, and a reduced need for surgery. During
the 6-year extension, 69.8% of patients in the SLT group maintained their target IOP
without requiring medical treatment [16, 17].

SLT can be employed at different stages of the disease, but it exhibits a more favor-
able outcome profile in cases of ocular hypertension and mild primary open-angle
glaucoma [16]. This approach should be considered for all patients with open-angle
glaucoma or OHT in whom the decision to initiate treatment has been made. SLT can
potentially defer the need for medication and mitigate associated adverse effects for a
substantial portion of patients.

4.3 Glaucoma surgery

Many new surgical procedures for glaucoma management have appeared in
recent years. Novel devices and techniques approaching the trabecular meshwork,
the suprachoroidal space or subconjunctival filtration with improved safety profiles,
quick recovery and good efficacy are now available for the treatment of early to severe
glaucoma [18, 19]. These procedures are encompassed in the ever-expanding umbrella
of MIGS (Minimally Invasive Glaucoma Surgery).
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MIGS was initially designed for mild to moderate glaucoma, to be used in combina-
tion with cataract extraction. With widespread use and more information on results,
they have been found to be effective also in more severe cases or as standalone therapy.

Trabeculectomy and glaucoma drainage devices are traditional incisional surgeries
used for uncontrolled ocular hypertension and glaucoma. They are left as a secondary
choice when other therapies (medication, laser, or MIGS) are insufficient or there is
need for a single-digit target IOP [19]. Although they provide the lowest target IOP,
postoperative complications and reinterventions are frequent, and recovery is slow.
They continue to be very valuable tools for the management of refractory glaucoma
and many cases of secondary glaucoma.

5. What to consider when starting treatment?
5.1Age

The age of patients is important not only as a risk factor but also in terms of treat-
ment considerations. When deciding on the timing and method of treatment, the
patient’s life expectancy at the time of diagnosis should be carefully taken into account.
While most topical medications are safe and well-tolerated and are still the first line of
treatment, the prospect of undergoing treatment for decades can be discouraging.

Studies have shown that long-term use of topical treatments can lead to a decrease
in conjunctival goblet cell density, reduced tear stability, and the development of
ocular surface disease. Additionally, the prolonged use of prostaglandin analogs can
result in cosmetic changes such as periorbital fat atrophy, iris color alteration, and
eyelid pigmentation. Alpha agonists may lose some of their effectiveness due to tachy-
phylaxis and can even cause delayed-onset allergic conjunctivitis. It is worth noting
that all hypotensive medications are associated with higher rates of cataract surgery.

When feasible, delaying the initiation of ocular hypotensive medications in
younger individuals is a reasonable approach, especially in cases of low-risk ocular
hypertension patients. For some patients with evident glaucomatous findings, alter-
native treatments like selective laser trabeculoplasty (SLT) can be used as they have
demonstrated comparable efficacy without the need for a drop regimen. Trabecular
minimally invasive glaucoma surgeries (MIGS) or even trabeculectomy might yield
excellent long-term outcomes in cases of juvenile primary open-angle glaucoma
(POAG) and considerably reduce the overall medication burden over time.

Conversely, in the case of older patients, a less aggressive approach might be
considered if the glaucoma is mild and stable, if their life expectancy is shorter, or if
they have significant and life-threatening systemic comorbidities. In such instances,
it becomes crucial to lower intraocular pressure (IOP) sufficiently to prevent substan-
tial vision loss within the expected lifespan. The chosen treatment should possess the
best available safety, efficacy, and tolerability profile. Surgery may be preferred in
cases where compliance with a drop-based therapy is difficult or unreliable.

5.2 Ocular surface disease

Ocular surface disease (OSD) is a highly prevalent ophthalmic condition. Dry eye
symptoms are experienced by 8 to 30% of the general population, with an increase
to 59% among glaucoma patients [20-22]. This notable increase can be attributed to
the prolonged exposure to topical treatments, many of which contain benzalkonium
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chloride (BAK), a common preservative known to disrupt tear film balance and trig-
ger inflammation within various ocular structures, especially the cornea [23-26].

In the initiation of ocular hypotensive medications, a meticulous assessment
of the ocular surface is important. This evaluation should encompass pre-existing
conditions such as blepharitis, reduced tear break-up time, conjunctival and corneal
epithelial defects. Additionally, it is helpful to objectively measure patient symptoms
using standardized questionnaires like the Ocular Surface Disease Index (OSDI) [27].
This information helps select the best suited treatment: drop-free therapies such as
SLT in patients with existent OSD or preservative-free medications and simpler, once-
daily drop regimens for patients at risk.

OSD should be treated as soon as diagnosed. Eyelid margin hygiene and preserva-
tive-free lubricant drops should be prescribed to all patients with OSD and glaucoma.
Ocular surface immune-modulating agents such as cyclosporine can help minimize
chronic inflammatory changes to the ocular surface. Other more intensive therapies
like punctual plugs, 20% autologous serum drops, or intense pulsed light should be
considered if necessary.

5.3 Glaucoma severity

The amount of visual field remaining and at risk is a good surrogate measure of
how intense treatment should be. Visual field loss is dependent on many mechanisms
but is directly proportional to the time and magnitude of ocular hypertension. Asa
general rule, severe visual loss should be treated aggressively and monitored closely to
avoid visual disability.

It has also been demonstrated that a target IOP in the lower teens, or even in
single digits, stops progression in advanced glaucoma [9]. In these cases, it is safest to
avoid IOP spikes during the day. Treatment choice should take daily fluctuations into
account, considering some medications have less efficacy during the night [28].

If visual disability has occurred as a result of other ocular diseases, such as macular
degeneration or diabetic retinopathy, it is also wise to have a low threshold for starting
treatment when ocular hypertension is diagnosed.

5.4 Patient preference

Clear and sufficient communication is pivotal in establishing a trusting relation-
ship between patients and their care providers. Effective communication yields
positive impacts on both clinical outcomes and patient-related results. It promotes
adherence to treatment regimens and cultivates realistic expectations regarding the
disease. A thorough understanding of potential risks and diverse treatment options
empowers patients to make informed decisions, even when those decisions involve
taking calculated risks.

Risk-averse patients might opt to start medication even if their glaucoma risk
is considered low. In contrast, others might feel at ease with an observation-based
approach, viewing it as a means to postpone treatment and the potential complications
that come with it. Equipping patients with the knowledge of what to anticipate in each
scenario facilitates clinical decision-making, even when adverse outcomes do arise.

As ophthalmologists, it is crucial to provide guidance grounded in up-to-date
evidence toward the most suitable choice for the patient’s specific issue. By offering an
informed insight and assisting patients in navigating their options, clinicians ensure
that decisions are well-informed and aligned with the individual’s needs.
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5.5 Overall risk of progression

The significance of intraocular pressure (IOP) treatment lies within its inte-
gration into a comprehensive therapeutic strategy aimed at preserving visual
function. Visual function encompasses vital aspects like visual acuity, depth
perception, and the extent of the visual field. It holds immense importance in the
overall quality of life for each individual patient. Consequently, the fixation of a
target IOP only constitutes one facet of treatment. This fixation becomes adjunc-
tive to the observation of functional or structural damage and its rate of change
over time [29].

The rate of progression serves as a crucial indicator of disease dynamics. It offers
insights into the speed of deterioration, the effectiveness of therapeutic interventions,
and empowers clinicians to gauge the likelihood of visual impairment within specific
timeframes. To compute this rate, patients need to undergo frequent visual field and
structural optical coherence tomography (OCT) tests. While these tests can be cum-
bersome, they are necessary to establish baseline measurements, evaluate inter-test
variability, and ascertain a trend of worsening.

In cases of ocular hypertension, notable thinning of the retinal nerve fiber layer
(RFNL) over time might signal the earliest indication of glaucomatous neuropathy
and the necessity for intervention. For patients already diagnosed with glaucoma, a
faster than expected progression rate should prompt a reevaluation of the ongoing
treatment plan. This could involve surgical interventions, medication escalation,
and a thorough assessment of associated systemic factors or overlooked instances of
intraocular pressure spikes, as well as adherence issues.

When visual function and its quantifiable parameters remain stable over time,
the chosen approach, be it observation or an active treatment regimen, is likely well
suited for the patient’s current condition. In such cases, ongoing monitoring can
continue without needing further alterations.

6. General guidelines

6.11s there evidence of glaucomatous neuropathy or high risk for glaucoma
development?

If the answer is yes, IOP-lowering treatment is warranted. Consider different
options and comment with the patient the benefits and caveats of every approach.
Evaluate the ocular surface and presence of ocular and systemic comorbidities (cata-
ract, retinal disease, asthma, cardiac disease).

When there are no signs of glaucomatous neuropathy or high-risk factors and the
patient is comfortable with an observation-only approach, educate on the importance
of follow-up and continue frequent visual field and OCT testing in order to detect a
worsening trend or the appearance of signs of high risk (disc hemorrhages, RFNL
defects, increasing IOP).

6.2 Is there ocular surface disease?

Pre-existing OSD should be managed and added hypotensive treatments should
be chosen considering the best option for both IOP management and the potential
for OSD worsening. SLT should be considered the first-line treatment if possible,
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if additional IOP lowering is needed or SLT not possible, preservative-free and fixed
combinations are the better choice.

Limiting the amount of daily drops and avoiding BAK-related toxicity can go a
long way to ensure compliance to treatment and happy patients. Motivated patients
are more adherent to accorded treatments. When using topical medications, it is
better to start with monotherapy and adding/changing agents if target IOP is not met
or adverse reactions appear.

6.3 Is there concomitant cataract?

Consider cataract surgery combined with an IOP-lowering procedure. Cataract

surgery on itself has IOP-lowering effect on most patients, adding MIGS procedures/

devices can lower IOP even further. Glaucoma incisional surgery can be a good choice
if other options are unavailable or a larger IOP drop is needed [29].

7. Conclusions

IOP-lowering therapy should be tailored to each patient considering important
risk factors (magnitude of OHT, family history, corneal thickness and hysteresis,
viable visual function) and comorbidities (ocular surface disease, cataract, retinopa-
thy), and potential problems with adherence.
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Chapter 8

Pseudo-Exfoliative Glaucoma: Our
Experience

Felicia M. Ferreri

Abstract

We investigated the correlation between hyperhomocysteinemia and
pseudo-exfoliative glaucoma. After providing extensive background information,
we outlined our study methodology. We assembled a control group of 20 individuals,
considering their medical history (including hypertension, diabetes, cardiovascular
and cerebrovascular diseases, nephropathies, and inappropriate drug therapy). Our
study focused exclusively on patients with secondary open-angle glaucoma associated
with pseudo-exfoliation, which is the most common cause of open-angle glaucoma.
Our finding indicates that hyperhomocysteinemia is significantly elevated in subjects
with pseudo-exfoliative glaucoma compared to individuals without ocular pathology
but with a similar vascular risk. Homocysteine, by promoting the overproduction of
free radicals, damages the intima of blood vessel walls and triggers elastase release in
arterial smooth muscle cells. Antioxidants play a crucial role in mitigating the harm-
ful effects of hyperhomocysteinemia, and folic acid supplementation, either alone or
in combination with vitamins B12 and B6, improves endothelial function.

Keywords: glaucoma, pseudo-exfoliative syndrome, homocysteine,
hyperhomocysteinemia, blindness

1. Introduction

Pseudo-exfoliative glaucoma is the most common cause of secondary glaucoma.
Pseudo-exfoliative syndrome, from which it takes its name, is the main risk factor for
the onset of glaucomatous disease, the second most common cause of visual impair-
ment and blindness in Italy [1].

We refer the interested reader to Topouzis et al. [2] for a discussion of risk fac-
tors for glaucoma in a specific population; in addition, interested readers will find
a detailed discussion of pseudo-exfoliative glaucoma in two very recent papers
Washington et al. [3] and Yuksle et al. [4].

Homocysteine is an amino acid that plays a major role among the predisposing
factors for thrombophilia, and the development of systemic and vascular pathologies
and its role in pseudo-exfoliative glaucoma has been illustrated in [3].

Our study showed that there was a correlation between patients with pseudo-
exfoliative glaucoma and the actual presence of hyperhomocysteinemia.
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2. Background
2.1Intraocular pressure (IOP)

The balance between aqueous humour production and absorption in the anterior
chamber is crucial for pressure which usually ranges between 10 and 20 mmHg. In the
glaucoma patient, this mechanism fails, hindering the outflow of aqueous humour,
which, as it accumulates, causes an increase in intraocular pressure (IOP). This
increase in pressure will result in mechanical damage at the head of the optic papilla.
The damage caused by the increased pressure will also have a microvascular effect on
the optic nerve with relative hypoperfusion and apoptosis of its nerve fibres. The loss
of all nerve fibres will irreversibly result in blindness.

2.2 Glaucoma

Glaucoma is a very large group of ocular neuropathies characterised by progressive
and irreversible damage to the optic nerve Gelormini et al. [5] and Caporossi et al. [6]
for a general introduction and Flammer [7] for a more focused survey on glaucoma. The
acute onset rarely occurs, often the course is subtle and progressive, resulting in func-
tional damage to the visual field. In the past, the Von Graefe triad, which required a high
IOP above 21 mmHg, functional visual field defects, and papilla neuropathy were used to
detect glaucoma Flammer [7].

A number of studies have shown that many glaucomas do not have a high IOP and
just as many have visual field damage, but only detected late.

In the face of these findings, of the previous triad, the only remaining stronghold
is optic neuropathy Flammer [7].

Thus, one can speak of glaucoma considering optic nerve damage. An elevated IOP
does not indicate pathology, nor can the presence of glaucoma lead to an elevated IOP.

2.3 Classification of glaucoma

We can distinguish glaucoma into two groups:

1. Clinically evident glaucoma, a much rarer manifestation with more or less obvi-
ous symptomatology and simply diagnosable among manifest papillary damage
and high IOP. In this group, we include acute glaucoma, congenital glaucoma,
and secondary, albeit more subtle and often chronic glaucoma.

2. Clinically silent glaucoma, much more common than the former.

We can also classify glaucoma according to the correlation of another ocular
pathology thus distinguishing:

1. Primary glaucoma when there is no concomitant second pathology.
2.Secondary glaucoma when it is accompanied by a different ocular pathology.
We can make use of a third, more commonly accepted classification, which is

based on the pathophysiology of the aqueous humour and its outflow, recognising two
different pathologies based on the chamber angle:
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1. Open-angle glaucoma.
2. Angle-closure glaucoma.

There is no primary classification or one that is not taken into account, but they
can intersect with each other. We can therefore have, for example, clinically evident,
secondary, closed-angle glaucoma.

Open-angle glaucoma is the most common type of glaucoma in this category
and is mainly influenced by genetic predisposition; risk factors such as diabetes or
myopia can have a significant impact on the development of open-angle glaucoma
Flammer [7]. Interactions of some genes with glaucoma have been discovered, among
them the GLC 1A gene and the Duffy group, a blood marker, both on chromosome 1.
Non-modifiable risk factors include older age and ethnicity. By the time an alteration
of the visual field occurs, optic nerve atrophy is already advanced.

2.4 Pseudo-exfoliative glaucoma

Secondary open-angle glaucoma includes glaucoma due to pseudo-exfoliative
syndrome (PEX syndrome). We refer the reader to Flammer, Kozart and Yanof, and
Ritch [7-9] for an introduction on exfoliative syndrome. The association between
exfoliation syndrome and glaucoma has been reviewed in Ritch [10] and Mitchel et al.
[11]; we also refer the interested reader to Jeng et al. [12] for the results of a study
carried out in a very specific population. More recently, some studies explored the
genetic association between pseudo-exfoliative syndrome and glaucoma Schlétzer-
Schrehardt [13], Thorleifsoon et al. [14] and Ye et al. [15]. In addition, Ritch [16] and
Ritch [17] describe ties between exfoliation syndrome and open glaucoma; Jeng [12],
Forsius [18], and Ringvold et al. [19] discuss empirical results obtained on some
specific populations. However, we point out that the exfoliation syndrome has been
associated with other type of diseases such as vascular diseases Praveen et al. [20],
Mitchell et al. [21], Shrum et al. [22], Schumacher et al. [23], Alzheimer Linner et al.
[24] and Cumurcu et al. [25], and to some extent, it can be regarded as a a systemic
disorder [26-28].

PEX syndrome is a systemic extracellular matrix (ECM) disorder characterised
by the production and gradual accumulation of fibrillar material, not only at the skin
level, but also at the connective tissue level of various organs, leading to glaucoma and
increased cerebrovascular and cardiovascular morbidity such as Alzheimer’ disease
[24, 25], hearing loss [29-31], and increased plasma levels of homocysteine that
increase the risk of thrombotic events.

PEX was first defined by Lindberg in 1917 and associated with glaucoma only a
few years later in 1924.

It represents the most common form of secondary open-angle glaucoma with
approximately 70 million people suffering from PEX and of these about 10% develop
chronic open-angle glaucoma.

This term, pseudo-exfoliative, was chosen because clinically it has been observed
that the lens appears to exfoliate but this is not what happens during this disease.
Some important studies focus on the clinical detection of exfoliation syndrome
[32-35]; the variation of IOP in patients with exfoliation glaucoma and patients
with primary open-angle glaucoma is extensively analysed in Konstas et al. [36],
while Konstas et al. [37] discuss the factors influencing the progression of exfo-
liation glaucoma. Medical treatments for exfoliation glaucoma are presented in
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[38-40]; biomarkers for exfoliation glaucoma are reviewed in [36, 41]. The role of
connective tissue growth in exfoliation glaucoma is investigated by Browne et al.
[42]; also humour aqueous plays an important role, as emerges from [43-46]. At
the surgical level, some important studies are proposed in Shingleton et al. [47] and
Yazgan et al. [48].

Since not all patients with PEX syndrome go on to develop glaucoma, a distinction
must be made between PEX syndrome, PEX syndrome-associated glaucoma, and
pseudo-exfoliative.

PEX syndrome presents grey/white deposits formed by an abnormal protein
material found on any ocular surface wetted by aqueous humour. It is most easily seen
on the anterior surface of the crystalline lens where it presents with a characteristic
picture with a central disc and a peripheral band due to iris movements rubbing
against the lens during mydriasis and miosis movements and enucleating parts of the
deposited material.

This rubbing also generates a loss of pigment from the deep layers of the iris,
which is highlighted on transillumination. The light that penetrates through the pupil
is reflected by the fundus and usually exits through the iris, which by its structure acts
as an optical diaphragm. This mechanism fails in areas where there has been a greater
loss of pigment at the level of the iris.

The affected areas appear red due to the backlighting of the light reflection from
the ocular fundus because they are highly vascularised to the point of calling the
colour ‘fundus red’

This phenomenon also explains the reason for red eyes in photos taken with flash.

At the level of the anterior capsule of the lens, these deposits of furfuraceous
material take on an identifiable arrangement in three zones: a central disc, a periph-
eral granular zone, and an intermediate ring without deposits.

It is also important that pseudo-exfoliative material is found at the level of the
corneal Descemet’s membrane, and instead at the level of the iris and trabecular
meshwork where it causes an obstruction of aqueous humour outflow with a related
increase in IOP, leading to the onset of pseudo-exfoliative glaucoma.

These deposits can cause other ocular pathologies, e.g. increased fragility of the
zonular fibrils that hold the lens in place, leading to possible complications in cataract
surgery.

PEX syndrome is an age-related condition, generally from the sixth decade of life
and is more common than one would think and fibrillar material can also occur in
other organs.

The fibrillar material appears as a bush and can be observed under light micros-
copy. The electron microscopic presentation of pseudo-exfoliative disease in ocular
and extra-ocular tissues was demonstrated by Schlétzer-Schrehardt.

The aetiology of this disease is unknown but has been classically linked to an
altered metabolism of elastin fibrils. This hypothesis was confirmed by a study that
demonstrated polymorphisms in the gene for lysyl oxidase-like protein 1 (LOXL1)
[15]. This enzyme is involved in elastin metabolism and confers an increased risk
of developing PEX syndrome. Several variants were found related to the POMP,
CACNAI1A, and SEMAG6A genes, all three of which are linked to extracellular
matrix metabolism, the ubiquitin-proteasome system, calcium signalling, and
lipid biosynthesis in the pathogenesis of pseudo-exfoliation, increasing the risk of
disease.

It is common in Scandinavian and Mediterranean populations, African Bantus,
and Australian Aborigines, and moreover, it is more common in females.
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A distinction should be made between primary open-angle glaucoma and pseudo-
exfoliative glaucoma: usually, in the pseudo-exfoliative type, the IOP increases very
quickly with considerable fluctuations that may result in greater damage to the optic
disc than a high IOP yes, but still stable. Glaucomatous damage is also represented by
the vascular changes associated with PEX glaucoma.

Another alteration due to PEX syndrome is the reduction of tear secretion and tear
film stability.

One study showed that the tear osmolarity in both eyes of patients with clinically
unilateral PES is higher than in normal subjects.

Small deposits of subjects with pseudo-exfoliative disease deposit on the corneal
endothelium pseudo-exfoliation cells with reduced density.

Damaged corneal endothelium can cause endothelial decompensation.
Pleomorphism in pseudo-exfoliation keratopathy with glaucoma is more frequent
than with cataracts.

Recent studies using optical coherence tomography angiography have demon-
strated a decrease in peripapillary and macular vascular density in patients with
pseudo-exfoliation, suggesting that the vascular component, including optic nerve
hypoperfusion, may be involved in the aetiopathogenesis of pseudo-exfoliative
glaucoma.

3. Homocysteine

Homocysteine is a non-protein amino acid produced by the metabolism of
methionine, an essential sulphur amino acid that is introduced into the body via the
protein in the diet. Homocysteine is formed from S-adenosylmethionine (SAM) and
S-adenosylhomocysteine (SAH). The transformation from SAM to SAH occurs via
trans-methylation processes.

The SAM/SAH ratio underlies the regulation of methionine-homocysteine
metabolism. In a well-functioning organism, homocysteine is converted back
into methionine, or into simple amino acids, which are easily eliminated from the
body via the urine. Approximately 80% of homocysteine in the blood is bound
to proteins, mainly albumin, via a disulphide bond. The unbound portion of
homocysteine is easily oxidised to form disulphides: due to the presence of its free
SH group, it can combine with another homocysteine to form the homocysteine
dimer or with cysteine to form the mixed cysteine-homocysteine disulphide. The
set of these non-protein complexed forms (20% of total homocysteine) is called
free homocysteine. This includes, therefore, both the reduced (SH) and the oxidised
form: (S-S).

The strongly endothelium-toxic reduced form (SH) is approximately 2% and
increases when plasma total homocysteine exceeds 100 pmol/L.

3.1 Homocysteine remethylation

Homocysteine can be remethylated into methionine by two processes:

In the former, with the presence of folic acid, in the folate cycle, the key reaction
takes place thanks to the enzyme methylene tetrahydrofolate reductase (MTHFR),
the coenzyme of which is vitamin B2, which reduces 5,10-methylene-tetrahydrofolate
to 5-methyltetrahydrofolate; the latter will then provide, again with vitamin B12, the
methyl group necessary for the reconversion of homocysteine to methionine.
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In the second process, the remethylation reaction is carried out by the enzyme
betaine synthase, which produces methionine by catalysing the transfer of a methyl
group to homocysteine.

3.2 Hyperhomocysteinemia

The test to analyse homocysteine values in the blood is called homocysteinemia and
consists of a venous blood sample.

Before the examination, it is preferable to fast for 10-12 hours and avoid smoking
for at least 15 minutes prior to taking the sample.

Plasma homocysteine values are considered normal when they are around
5-12 pmol/L.

Hyperhomocysteinemia occurs when values exceed the maximum cut-off.

Let us distinguish hyperhomocysteinemia:

* Mild when the plasma value remains in the range of 12-15 pmol/L;
* Moderate when the range is 15-30 pmol/L;
¢ intermediate when between 30 and 100 pmol/L;

* Severe hyperhomocysteinemia when it exceeds the maximum cut-off.

The plasma concentration of homocysteine is the result of a close relationship
between dietary habits and predisposing genetic factors.

Most people have high levels of homocysteine in their blood due to a diet that is
not sufficiently rich in folic acid and the other B vitamins.

Other causes of hyperhomocysteinemia are genetic alterations that cause deficits
in the enzymes involved in the metabolic cascade whose intermediate product is
homocysteine.

In addition to deficiency of the enzyme cystathionine-beta-synthetase, due toa
very rare genetic mutation, homocystinuria, elevated homocysteine levels may also
be due to mutation of the gene responsible to produce the enzyme methylenetetra-
hydrofolate reductase (MTHFR). A genetic polymorphism has been identified as
responsible for the increased homocysteine levels, characterised by the 1298A/C and
C677T mutations; with the latter being more important in terms of thrombotic risk,
resulting in a 50% reduction in MTHFR enzymatic activity.

Genetic causes outnumber dietary/behavioural ones 1:10.

3.3 Risks of hyperhomocysteinemia

The patient with hyperhomocysteinemia is an individual with a high predisposi-
tion to thrombophilia and thus to cardiovascular disease.

Homocysteine has been shown to influence vascular function through indirect
action on muscle tone by inducing increased vascular constriction mediated by the
binding of reduced homocysteine with nitric oxide and related nitrous oxide forma-
tion [49, 50]. Several researchers explored the role of homocysteine and acute coro-
nary syndromes [50], abdominal aortic aneurysm [51], atherosclerosis [52], retinal
vein occlusion [53], diabetic retinopathy [54-56], and ischemic strokes [57, 58]. Other
important studies focus, instead, on the impact of some drugs and foods on homocys-
teine levels [59-64].
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Chronically elevated homocysteine levels result in nitric oxide depletion, with
nitrous oxide production remaining in the circulation for only 14 minutes. The resulting
consequence is the patient in continuous vasospasm. A direct influence of high serum
homocysteine levels causes atherosclerotic plaque formation and smooth muscle cell pro-
liferation due to endothelial damage and reduced elasticity. This is due to excess homocys-
teine forming the homocysteine-thiolactone complex, which reacts with LDL to generate
an insoluble LDL-thiolactone complex. This complex is phagocytosed by macrophages
which, unable to metabolise it, turn into foamy cells acting as an atheromatous core.

Excess homocysteine can also act as a free oxygen radical causing first endothelial
dysfunction and then necrosis of the endothelial cells themselves with their subse-
quent detachment from the vessel wall. There may also be a proliferation of smooth
muscle cells resulting in fibrocalcification of the vessel wall and oxidation of mem-
brane lipids with loss of function of these structures.

Again, related to increased thrombotic risk, excessive homocysteine is also a
strong platelet aggregator.

3.4 Therapy

Therapy is based first and foremost on a correction of the patient’s lifestyle by
making changes to the diet.

In fact, the body can decrease serum homocysteine levels by means of folates and
B vitamins, which are crucial in its metabolism.

It is essential for the patient to consume more food with folic acid and vitamin B12:
the recommended intake levels for folic acid are 200-1000 mcg/day.

4. Correlation between pseudo-exfoliative glaucoma and
hyperhomocysteinemia

4.1 Markers

Corneal biomechanical properties of subjects with pseudo-exfoliative syndrome,
including corneal hysteresis, corneal resistance factor, and central corneal thickness,
were reported to be decreased compared to healthy control subjects.

These changes were more pronounced in patients with pseudo-exfoliative glau-
coma than in patients with pseudo-exfoliative syndrome.

Two interesting systemic laboratory markers for predicting the risk of progression
from pseudo-exfoliative syndrome to pseudo-exfoliative glaucoma are the neutrophil
to lymphocyte ratio and the platelet to lymphocyte ratio. Indeed, signs of subclinical
systemic inflammation, including neutropenia and lymphocytopenia, became more
pronounced in patients with PEX syndrome and even more so in those with pseudo-
exfoliative glaucoma than in normal healthy subjects.

This finding suggests that inflammation plays a key role from the onset of PEX
syndrome and can be used as a marker at follow-up to predict progression to pseudo-
exfoliative glaucoma.

Chronic subclinical inflammation was also demonstrated locally in the anterior
chamber.

Levels of activation-derived complement components were significantly elevated
in the aqueous humour of patients with pseudo-exfoliative glaucoma compared to
non-syndromic PEX glaucoma controls.
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Complement inhibitors, including clusterin and vitronectin, were significantly
elevated.

The association of clusterin with exfoliation fibrils suggests an unsuccess-
ful attempt by this chaperonin to prevent the accumulation of fibrillar material.
Apolipoprotein D (ApoD) is a secreted glycoprotein with multiple functions, includ-
ing the prevention of lipid peroxidation. ApoD expression is upregulated during
ageing and in several pathological conditions, including atherosclerosis, neurological
diseases, and several types of cancer. Several studies have suggested that ApoD plays a
protective role against oxidative stimuli.

This role was found to be diminished in PEX syndrome, where lower levels of this
biomarker were detected in the aqueous humour of patients with pseudo-exfoliative
syndrome.

Endothelin-1 is a peptide produced by the vascular endothelium with potent
vasoconstrictor properties.

It appears to be involved in the regulation of ocular blood flow. High levels of
endothelin-1 have been reported in the aqueous humour of patients with PEX syn-
drome. High levels of homocysteine have been found in both aqueous humour and
tears.

High levels of this non-protein amino acid contribute to the pathogenesis of
pseudo-exfoliative disease.

4.2 Purpose of the study

Both PEX and hyperhomocysteinemia are risk factors for systemic vascular and
ocular disease.

We studied the correlation of hyperhomocysteinemia in patients with pseudo-
exfoliative glaucoma compared to a healthy control group.

4.3 Methods

For each patient, we considered her/his medical history (hypertension, diabetes,
cardiovascular and cerebrovascular diseases, nephropathies, and inappropriate drug
therapy).

The control group was formed by 20 individuals without the disease who under-
went a complete eye examination, including fundus and optic disc examination,
visual field analysis, and other routine examinations to detect any elements that
might affect the study.

We only included patients with secondary open-angle glaucoma with pseudo-
exfoliation, the most common cause of open-angle glaucoma.

The study group consisted of glaucomatous patients diagnosed with pseudo-
exfoliative glaucoma if clinical examination revealed fibrillar deposits on the anterior
lens capsule and at the level of the ciliary angle with associated peripupillary atrophy
and transillumination of the pupillary margin, elevated intraocular pressure, incipi-
ent optic nerve atrophy, and glaucomatous visual field defects.

Patients were excluded if they did NOT have a diagnosis of pseudo-exfoliative
glaucoma based on clinical examination and visual field analysis, if they had dis-
eases that could be associated with hyperhomocysteinemia, such as gastrointestinal
malabsorption or diabetes mellitus, if they were abusing drugs and/or alcohol, and if
they were receiving any pharmacological treatment, including methotrexate therapy
and other possible vitamin supplements, in the 6 months prior to the study. Patients
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No. of subjects Age (inyears) Homocysteinemia Hyperhomo-cysteinemia (%)

Study group 20 65-75 166 +3.1 50
70£52
Control group 20 64-76 124118 10
70 £61
Table 1.

Features of the patients involved in our study.

with glaucoma and on medical therapy were not excluded, as no glaucoma therapy is
known to alter serum homocysteine levels.

For each participant in both the control and study groups, a 2 ml venous blood
sample was collected and centrifuged for 6 minutes using the fluorescence-based
high-performance liquid chromatography method.

A plasma value above 16 pmol/L is considered high.

The control group consisted of the same number of healthy adults, 20, again
divided into 10 men and 10 women, with a mean age close to that of the study group,
ranging from 64 to 76 years (mean 70 + 6.1).

It was immediately apparent that the mean plasma homocysteine level was signifi-
cantly higher in the pseudo-exfoliative glaucoma group.

Fifty percent of the patients in the pseudo-exfoliative glaucoma group had plasma
levels to report hyperhomocysteinemia; in the control group the number was drasti-
cally lower: only 2/20 (10%).

Various cardiovascular diseases were found in the study group. For example, four
patients (20%) had systemic hypertension, and two (10%) had ischaemic heart disease.
The two patients with pseudo-exfoliative glaucoma and ischaemic heart disease
had elevated plasma homocysteine levels, as did 3 of the 4 patients with systemic

hypertension.

In the control group, cardiovascular disease was found in four patients with
systemic hypertension and one patient with ischaemic heart disease.

The patient with ischaemic heart disease and one of the four patients with hyper-
tension had hyperhomocysteinemia (Table1).

5. Discussion

We found that the prevalence of hyperhomocysteinemia is significantly increased
in subjects with pseudo-exfoliative glaucoma compared to subjects without ocular
pathology but with a similar vascular risk.

Homocysteine can induce overproduction of free radicals which, by causing
damage to the intima of the vessel wall, trigger elastase at the level of arterial smooth
muscle cells.

This activation leads to elastolysis of elastin and fibrillar collagen in the arteries
through activation of extracellular matrix metalloprotease and may explain the pos-
sible effect of homocysteine in systemic cardiovascular disease.

Antioxidants such as vitamin E and ascorbic acid are able to generate a significant
reduction in the harmful effects of hyperhomocysteinemia.

Treatment supported by folic acid, which is able to eliminate free oxygen radicals,
led to a general improvement in endothelial function, alone or in combination with
the intake of B vitamins (B12 and B6).
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6. Conclusions

The pseudo-exfoliative material contains both elastin and fibrin, and homocyste-
ine is able to activate an elastase inducing elastolysis of elastin and fibrillar collagen.

This correlation could highlight new developments to better understand how
fibrillar material is produced in pseudo-exfoliative disease and consequently take a
step forward in the screening of pseudo-exfoliative glaucoma and the plausible role
homocysteine plays in the pathogenesis of vascular disease in both the systemic and
ocular spheres.

Indeed, there is a possibility, yet to be confirmed, that the pseudo-exfoliative
material generated is actually a by-product of homocysteine-induced elastolysis.

A further line of development could be to evaluate the role of folic acid in pseudo-
exfoliative glaucoma patients with hyperhomocysteinemia on IOP.
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