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Glaucoma is an ocular disease caused by elevated intraocular pressure that leads
to progressive optic neuropathy. The irreversible morphologic and functional damage
is characterized by progressive visual field loss and retinal ganglion cell degeneration.
Glaucoma tends to be a silent disease, in which central visual acuity is only affected at late
stages; if left untreated, it can lead to blindness. The prevalence of this disease worldwide
is more than 70 million, which is thought to increase to over 100 million by the year
2040 [1,2]. The main risk factor for primary open-angle glaucoma (POAG) and other forms
of glaucoma, which is also the target for therapy, is elevated intraocular pressure [3,4]. Local
medical therapy, laser, and surgical treatments are all geared to lowering IOP to reduce the
incidence and progression of glaucoma [5,6]. Thus, it is of the utmost importance that all
patients, especially those with risk factors, undergo periodic ophthalmic examinations that
include tonometry. The primary goal of this Special Issue entitled “Intraocular Pressure
and Ocular Hypertension” is to provide a collection of pertinent topics and highlight the
importance of IOP, tonometry, aqueous humor (AH) dynamics, trabecular meshwork (TM)
outflow pathways, and treatment options in glaucoma and ocular hypertension (OHT).

Aqueous production and outflow are both involved in IOP regulation; however,
most glaucomatous conditions, such as POAG, are characterized by reduced outflow.
The TM plays an important role in the disease process. IOP homeostasis is influenced
by aqueous humor outflow, which is characterized by a pulsatile flow pattern evident in
Schlemm’s canal and in the TM pathway [7]. Du et al. [8] reported that phase-sensitive
optical coherence tomography demonstrates that pulsatile movement of the TM tends
to be reduced in POAG patients, especially those with greater diurnal IOP fluctuations.
TM has shown to be more rigid and less flexible in glaucomatous patients. This type
of innovative diagnostic testing method has the potential of being of clinical use when
deciding on treatment options in those glaucoma patients that do not reach IOP target
levels and show progression of disease, which may require more aggressive treatment
and/or prompt surgery.

Given that the IOP measurement is a fundamental part of any complete ophthalmo-
logical examination, numerous instruments, known as tonometers, have been proposed in
order to obtain IOP measurements [9,10]. The measurement of the true IOP value in vivo
requires invasive intraocular manometry. All tonometric methods available on the market
just provide an estimation of IOP. The evaluation of the precision and accuracy of the
different tonometers and the identification of the variables that can influence a correct IOP
measurement represent an important field of research.

Our Review article, entitled “How to measure intraocular pressure: an update review
of various tonometers” [11], describes the different instruments used to measure the IOP
through the ages. Even if the Goldmann applanation tonometer (GAT) is still considered
the gold standard technique in measuring IOP, several other instruments based on different
operating principles (indentation, applanation, rebound, contour matching) have been
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proposed. The manuscript highlights advantages and drawbacks of the various devices, em-
phasizing the concept that the continuous monitoring of IOP, which is still under evaluation,
will be an important step in the diagnosis and management of the glaucomatous patients.

In the article entitled “Intraocular pressure measurement in childhood glaucoma under
standardized general anesthesia: the prospective EyeBIS study”, Alicja Strzalkowska et al. [12]
addresses the important topic of the IOP measurement in children. The authors compared
the IOP measurements taken with the iCare PRO rebound tonometer and Perkins appla-
nation tonometer in glaucomatous and healthy children (mean age of 45 ± 30 months)
under general anesthesia. The results of the study demonstrated that the IOP values taken
with both tonometers appeared inversely related to the anesthesia depth, and that iCare
IOP values were significantly higher than those obtained with Perkins tonometer in both
glaucomatous and healthy children.

Several studies have compared the performances of different tonometers, and how
different variables can affect the accuracy. Sugihara and Tanito [13] analyze the effects of
aging on IOP measured by three different tonometers. Corneal biomechanical properties
change with age, which can differently influence the IOP measurement obtained with dif-
ferent devices. Comparing the IOP measurements taken with GAT, non-contact tonometer,
and rebound tonometer, the authors found that age appeared negatively correlated with
the IOP values measured with non-contact and rebound tonometers, whereas GAT IOP
measurements were not influenced by age.

The Ocular Response Analyzer (ORA) was used by Jóźnik et al. [14] to assess the
biomechanical behavior of the cornea after a water drinking test in patients with or without
a previous XEN Gel implant. They found a significant difference between the two groups in
various analyzed parameters, results indicating that ORA could be useful in postoperative
glaucoma diagnostics. Moreover, Diaz-Barreda et al. [15] reported significant modifications
in corneal biomechanical parameters measured with ORA in patients that underwent
a deep sclerectomy with Esnoper V2000 implant. Corneal hysteresis remained above
preoperative values at 3 months of follow-up, whereas corneal resistance factor was at a
lower level. The clinical relevance of this information, however, needs to be confirmed with
further studies.

Another paper regarding the correlation between glaucoma surgery and corneal
properties was written by Onoe et al. [16]. These authors found a significant increase in
corneal higher-order aberrations after ab interno trabeculotomy or goniotomy performed
with the Kahook Dual Blade combined with phacoemulsification. These findings should be
considered when planning this type of surgical procedures. Moreover, patients should be
informed about this possible complication prior to surgery.

In a further study, Okada et al. [17] did not find any significant difference in the
outcomes in patients operated with phacoemulsification associated either with a 120◦ or
180◦ incision of the Schlemm’s canal performed by means of an ab-interno trabeculotomy.
Given that the same group in the study cited above found an increase of corneal aberrations
following an extensive incision of Schlemm’s canal, the authors suggest to preferably
perform a 120◦ incision during an ab-interno trabeculotomy.

The effects of treatment on anatomic structures can be helpful in better understanding
physiologic pathways and in the discovery of new mechanisms to treat diseases. The paper
entitled “The dual effect of Rho-kinase inhibition on trabecular meshwork cells cytoskeleton
and extracellular matrix in an in vitro model of glaucoma” [18] shows that Rho-kinase
inhibitor can have an effect on the cytoskeleton organization and extracellular matrix of
the TM, thus providing new insights to TM outflow pathway mechanisms involved in
glaucoma that can be of clinical interest in the development of treatments for elevated IOP.

The causes of glaucoma are multifactorial and in part still unknown. Several risk
factors like family history, thin cornea, African American race, ocular hypertension, etc. are
known; however, factors associated with the manifestation of the disease have yet to be dis-
covered. Maddala et al. addressed this lacuna by looking at the levels of growth/differential
factor-15 (GDF15) in the AH and serum samples in patients with glaucoma and age- and
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gender- matched controls [19]. The study showed significant and important serum and AH
levels of GDF15 in patients with POAG when compared to controls. The paper entitled
“Serum Calcium Level as a Useful Surrogate for Risk of Elevated Intraocular Pressure” [20]
also looked at possible factors associated with glaucoma, and found that high serum total
calcium levels were significantly associated with elevated IOP in a large cohort of Asians.
Studies like the ones reported here can help find potential biomarkers for the diagnosis,
management and prognosis of glaucoma, in addition to providing better understanding of
the physiological pathway mechanisms involved in the disease process and in identifying
future specific targets in the development of new treatments for glaucoma.

The identification of risk factors is of the utmost importance in the diagnosis and
management of any disease. Unlike genetics, race, and other non-modifiable factors,
the use of certain medications that may cause or worsen the pathology can be considered
and modified accordingly based on a case-to-case situation of the patient. Wijnants et al.,
reported an interesting literature review based on the effects of glucocorticoids on IOP [21].
It is well known that about one third of patients are responders, showing elevated IOP
after the use of corticosteroids. This literature review showed that most studies reported
no significant effects on IOP with the use of intranasal and inhaled glucocorticoids (unless
high doses are used). Four out of five studies, however, found elevated IOP levels caused
by systemic glucocorticoids, with a possible dose-response relationship. The findings of the
current literature regarding use of corticosteroids in patients with either ocular hypertension
or glaucoma or patients with risk factors must be kept in mind when managing these
patients. If possible, therapy with corticosteroids, especially administered systemically,
should be either avoided or limited for brief intervals of time. Patients that do not have
alternatives and must continue systemic glucocorticoids for other pathologies need more
stringent follow-ups to prevent or promptly treat corticosteroid-induced IOP elevations.

The identification of markers helping in the early glaucoma diagnosis and detection of
subtle signs of disease progression is a fascinating field of investigation. In the review article,
Murtagh and O’Brien [22] summarize the current knowledge about corneal hysteresis
(CH). CH is a relatively new ocular parameter provided by two devices available on the
market, which include the Ocular Response Analyzer tonometer (ORA) and the Corneal
Visualization Scheimpflug Technology tonometer (Corvis ST). The CH parameter can be
defined as the capacity of shock absorption of the cornea, which can be considered as
a marker for the ocular compliance. Previous studies have demonstrated that low CH
values are a risk factor for the development of glaucoma and marker of its progression,
indicating that the CH parameter could play an important role in glaucoma diagnosis and
treatment. In the conclusions, the authors suggest that the CH values should be included
in an algorithm incorporating IOP, central corneal thickness, and visual field test results,
in order to establish the different risk rate for glaucoma development and progression.

The use of intravitreal injections of anti-vascular endothelial growth factor (anti-
VEGF) agents to treat various retinal diseases, such as choroidal neovascularization in
age-related macular degeneration or high myopia, or macular edema in diabetic retinopathy
or retinal vein occlusion, has dramatically increased in the last years. The evaluation of
efficacy and safety of the different anti-VEGF agents has been addressed by several authors.
Hannape et al. [23] report the clinical results on mid-term impact of anti-VGEF agents on
IOP. The Authors retrospectively evaluated the data of 750 patients who were unilaterally
injected with anti-VEGF agents; the fellow untreated eye was used as control. An overall
slightly significantly increase in IOP between treated and untreated eyes was noticed at
6 months. The comparison amongst different anti-VEGF agents showed that Ranibizumab
was associated with a higher rate of clinically significant IOP increase (≥6 mmHg from
baseline) at 6 months.

Studies on animal models are of great importance in understanding the impact of
ocular hypertension on the ocular structure and function. Mendez-Martinez et al. [24]
investigate the influence of chronic ocular hypertension (OHT) on emmetropia in rats.
The authors analyzed the effect of an induced mild-moderate chronic OHT on refraction
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and neuroretina in 260 eyes of young-adult rats over 24 weeks by using optical coherence
tomography and electroretinography. The study results clearly show that the OHT acceler-
ates emmetropia in rat eyes towards slowly progressive myopia; OHT also seems to induce
an initial increase in structure and function of the neuroretina, which reversed over time.

Glaucoma is more prevalent in adults; however, IOP elevation can also be found in
younger age groups. The study entitled “Management of childhood glaucoma following
cataract surgery” is a review that evaluates the different treatment options and clinical
management strategies reported in current literature for children with glaucoma following
cataract surgery [25]. The various therapeutic approaches include medical therapy, angle
surgery, glaucoma drainage device implantation, trabeculectomy, and cyclodestructive
procedures. A useful flowchart has been provided to guide clinicians in the management
of children with glaucoma after cataract surgery.

Two other studies report results obtained with different surgical approaches. Brusini et al. [26]
present the results obtained with canaloplasty in a rather large cohort of patients affected
with pseudoexfoliation glaucoma with a follow-up period of up to 14 years. Even if this
surgical procedure appears to be effective on average, an acute IOP rise was observed in
more than 60% of eyes after a long period of satisfactory control. For this reason, the authors
conclude that canaloplasty should be either avoided or performed very cautiously in these
kinds of patients.

Minimally invasive glaucoma surgery (MIGS) is gaining an increasingly important
place in the surgical armamentarium for the treatment of glaucoma. Amongst various MIGS
techniques, ab-interno procedures that aims to enlarge Schlemm’s canal facilitating the
outflow of aqueous humor through the physiological pathways, are of particular interest.
Toneatto et al. [27] show the results of OMNI surgical system alone or in combination with
phacoemulsification in 73 patients with open-angle glaucoma. According to this study, this
procedure seems to be safe and relatively effective, with a rate of success ranging between
40 and 67.9%.

Another very intriguing topic concerns the possibility of reverseing the structural
damage in glaucoma. It is really possible? Park et al. [28] present an interesting study
regarding neuroretinal rim recovery after a successful trabeculectomy. This improvement
was associated with young age and the amount of IOP reduction obtained, demonstrating
that at least a part of neural tissue can undergo a regression of structural damage in the
presence of adequate control of IOP.

As guest editors for this Special Issue, we hope you find the manuscripts prepared
by our esteemed international colleagues innovative, practical, interesting, and of clini-
cal value.

Author Contributions: P.B., M.L.S. and M.Z. contributed equally to this Editorial. All authors have
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Abstract: Intraocular pressure (IOP) is an important measurement that needs to be taken during
ophthalmic examinations, especially in ocular hypertension subjects, glaucoma patients and in
patients with risk factors for developing glaucoma. The gold standard technique in measuring IOP is
still Goldmann applanation tonometry (GAT); however, this procedure requires local anesthetics, can
be difficult in patients with scarce compliance, surgical patients and children, and is influenced by
several corneal parameters. Numerous tonometers have been proposed in the past to address the
problems related to GAT. The authors review the various devices currently in use for the measurement
of intraocular pressure (IOP), highlighting the main advantages and limits of the various tools. The
continuous monitoring of IOP, which is still under evaluation, will be an important step for a more
complete and reliable management of patients affected by glaucoma.

Keywords: intraocular pressure (IOP); tonometry; Goldmann applanation tonometer (GAT); central
corneal thickness (CCT); ocular hypertension; glaucoma

1. Introduction

Intraocular pressure (IOP) is an important measurement, which should be taken
in every patient over the age of 40 that undergoes a complete ophthalmic examination
and in all patients with ocular hypertension (OHT) or with risk factors for developing
primary open-angle glaucoma (POAG) (i.e., family history, myopia, increased cup-to-disc
ratio, etc.). IOP measurement is obviously a fundamental tool in subjects with diagnosed
ocular hypertension or glaucoma. Even if the IOP measurement in vivo is only an estimate
of the true IOP (which is only possible with invasive manometry), this value, rightly or
wrongly, is often taken as an indicator of the efficacy of any treatment for glaucoma and
to assess glaucoma severity and progression in patient management. It is thus of great
importance to acquire accurate and precise IOP measurements in clinical practice.

Numerous instruments, called tonometers, have been proposed since the 19th century to
obtain IOP measurements [1–3]. Based on the operating principle, these instruments can be
differentiated into two main groups: (1) indentation tonometers; (2) applanation tonometers.

2. Indentation Tonometry

The prototype of the indentation tonometers is the Schiøtz tonometer that was intro-
duced many years ago [4] and is no longer currently used (Figure 1).

Using this instrument, the cornea is indented by a plunger loaded with different
weights. The IOP is based on the depth of indentation. The values are shown on a scale
ranging from 0 to 20 units, in which the protrusion of the plunger of 0.05 mm represents
each unit of measurement. The value indicated on the handle needs to be converted
in mmHg using a conversion scale. The coefficient of ocular rigidity, which can differ
amongst eyes, should be taken into consideration to obtain corrected measurements of
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IOP. The Schiøtz tonometer is a simple and relatively inexpensive instrument. It is still
sometimes used in developing countries [5,6] and in children under general anesthesia [7].
This tonometer, however, is subject to several sources of error, which include improper
positioning on the eye, defective or dirty instruments, high variability in comparison with
other devices and measurements influenced by individual ocular rigidity [8]. Moreover,
patients must be in a supine position when taking measurements with this tonometer.

Figure 1. Schiøtz tonometer with different weights.

3. Applanation Tonometry

Applanation tonometers are currently considered the most reliable instruments for an
accurate IOP measurement. Such tonometers use the Imbert–Fick law: P = F/S, in which P
is pressure, S represents the surface of the flattened area, and F is the force needed to flatten
a fixed corneal area. Apart from the tonometer by Maklakoff and several other instruments
that are no longer currently in use, in which the force is provided by the weight of the
tonometer itself, applanation tonometry is based on the area of flattened cornea that is
calculated and converted in mmHg [2]. In almost all instruments of this type, the F value
is varied to get the proper corneal applanation for a predetermined area. The Goldmann
applanation tonometer (GAT) was first invented in 1948 by Hans Goldmann [9] and is still
considered the gold standard to date. The tonometer needs to be positioned on a slit lamp.

A truncated cone, with a 7.35 mm2 surface area and a dimeter of 3.06 mm, illuminated
by a blue light, is pushed on the center of the anaesthetized cornea. A doubling prism
embedded in the cone divides the circular meniscus on the surface of the flattened cornea
e into two arcs, which need to be aligned in order to obtain a precise and standardized
applanation (Figure 2).

The force used needed to flatten the corresponding surface of the cornea is directly
proportional to the IOP, expressed in mmHg that can be directly read in the scale of the
measuring drum or in the posterior window for the digital version (Figure 3A,B).

Contrary to what Hans Goldmann believed, corneal thickness may show a significant
effect on IOP measurements. Thin corneas can give rise to an underestimation of the IOP
and vice versa. Several authors have tried to address this problem by proposing a number
of correction formulae [10–14]; however, none have been shown to be of widespread use.
Several corneal biomechanical properties, which are not all completely known, may be
involved, thus rendering the proposed correction factors misleading and limiting their
clinical use [15–17]. Studies have reported that a thin cornea can be a factor of risk for
developing glaucoma [18], in addition to the underestimated IOP with GAT.
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Figure 2. Goldmann applanation tonometer positioned on the slit lamp (A) with its cone prism (B)
(on the top right); the two arcs appear correctly aligned (B) (on the bottom right).

Figure 3. (A) Scale with IOP values in the Goldmann tonometer; (B) digital Goldmann tonometer
(posterior view).

GAT it is still the tonometer most commonly used in clinics, thanks to the ease of use,
accuracy, reproducibility and affordability. There are, however, several drawbacks that
should be kept in mind, as recently reported by Gazzard et al. [19]. GAT is affected by
parameters of the cornea, which include central corneal thickness when this is far from the
average (540 microns) [14,15], in addition to corneal curvature, axial length, hysteresis, etc.
Moreover, GAT measurements are subjective and can depend on the physician experience.
Studies have reported that even for the same physician, clinically significant differences can
be found with a 95% repeatability coefficient of ±2 mmHg [20]. Other possible errors and
drawbacks are due to the tear film with too little or too much fluorescein or an irregular or
scarred cornea. GAT needs to be positioned on a slit lamp, and the subject must be in an
upright position [21]. It is also important to remember that topic anesthesia is needed and
that GAT should be periodically calibrated to provide good precision [22].
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Portable handheld versions, such as the Perkins and Draeger tonometers (Figure 4),
allow for measurements of IOP to also be taken supine and can be particularly useful in
bedridden subjects and patients under general anesthesia.

Figure 4. Handheld Perkins tonometer.

Other applanation instruments that use the same principle have been introduced
several years ago. The Tono-Pen and the more recent Tono-Pen Avia (Reichert Ophthalmic
Instruments, Depew, NY, USA) are portable lightweight battery-powered devices, which
use the principles of applanation and indentation (Figure 5A,B). The reliability of each
measurement is reported on a small display based on the standard deviation of the average
of 10 readings. A disposable latex cap is used for each patient, which helps to reduces the
risk of infection between patients.

Figure 5. (A) Tono-Pen; (B) Tono-Pen Avia.

Numerous studies have reported the usefulness of these devices in clinics in com-
parison with GAT [23–26], but the repeatability coefficients for intra-session repeated
measurement have been shown to be quite high (±4.3 mmHg) [27]. Clinical studies have
shown that Tono-Pen can be significantly affected by CCT [28]. This tonometry, however,
seems to provide better accuracy in edematous corneas in comparison with GAT and
dynamic contour tonometry [29]. It is important to note that different tonometers cannot
be used interchangeably [30,31].

The advantages of Tono-Pen include portability and instrumentation that does not
require a slit lamp or electricity. IOP readings can be measured in both supine and upright
positions. Topo-Pen can be especially useful in patients with eye scarring or irregular
corneas, and in children and bedridden subjects.

Studies have shown the clinical limits of this instrument. Tono-pen was found to
consistently underestimate IOP, with a significant error for IOP values >30 mmHg [32].
Several concerns still remain regarding the reproducibility of measurements when used in
a routine clinical setting, considering that significant variations from Goldmann readings
may occur in some patients.
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4. Non-Contact Tonometry (Air-Puff Tonometry)

Non-contact tonometry (NCT) was first designed by Zeiss and developed by Grolman
in 1972 [33]. Several models have been proposed in the past few decades that use a pulse
of air to flatten the cornea without the need for touching the eye (Figure 6); such models,
therefore, do not require anesthesia or fluorescein drops. In the Pulsair tonometer, a light
beam is used in combination with a sensor that stops the production of air and measures
the force used at the moment of corneal flattening.

Figure 6. Pulsair EasyEye handheld (A) and Pulsair desktop (B) non-contact tonometers.

Numerous studies have examined the differences in IOP measured with various types
of NCT instruments and other non-conventional tonometers compared to GAT [34,35].
Demirci et al. showed that IOP measurements with NCT were significantly higher
than those obtained with both GAT and rebound tonometry, with significant differences
(p < 0.001) in all age groups [36]. A recent study confirmed that NCT tends to overestimate
IOP GAT measurements in patients with IOP > 16 mmHg, which was more evident when
IOP > 20 mmHg [37], showing a decrease in accuracy at higher values.

Early studies in 1989 based on the comparisons with GAT, showed that up to 70% of NCT
measurements fell within ± 3 mmHg of readings taken with GAT. When using a screening
criteria of IOP > 21 mmHg, NCT showed a sensitivity of 85% and a specificity of 95% [38].

Similar to GAT and other instruments, NCT is influenced by corneal parameters.
Kyei et al. showed a significant association between CCT and NCT, which is greater
than that reported with GAT [39]. These finding were confirmed in a recent study, which
concluded that GAT measurements are not equivalent and cannot be interchanged with
those obtained by NCT [40].

The pros of NCT are mostly based on the ease of use, non-contact nature and portability
of several devices. Measurements can be taken by non-medical staff and patient compliance
is relatively good in most casesNCT does not require slit-lamp positioning; thus, it is easily
used in cases with elderly individuals, children, disabled patients and patients with limited
collaboration. NCT can be considered for patients that may not tolerate topical anesthetics,
patients with limited collaboration or those at greater risk of infection.

The disadvantages of NCT include the fact that NCT is less accurate when
IOP > 20 mmHg. Studies have shown that NCT results depend on the instrument brand,
unit and model of the device used [41]. Comparison studies between three NTC devices
showed that, when taking GAT as the gold standard and aiming to detect IOP > 21 mmHg,
sensitivities greatly differed from 40%, 48% and 80%, which showed that NCT readings are
device dependent and that devices require regular calibration [38]. Although NCT offers
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a non-contact mode of measuring that limits the risk of infection due to contaminated
drops or Goldmann prisms, the risk of air-borne infection could be greater considering the
air-puff nature, which should be considered in the midst of the recent COVID era [42–45].

NCT could be helpful in a day-to-day clinical setting that involves dealing mostly
with normal patients undergoing routine checkups. This type of tonometry can be ideal as
a screening tool, which can easily be performed by non-medical staff. Although studies
have shown that NCT tends to overestimate GAT measurements, NCT can prove to
be useful for post-operative patients with lid edema, limited collaboration, ocular pain,
discomfort and increased tear film meniscus size, which are all factors that influence proper
GAT measurements. NCT can be a useful screening tool, but should never replace or be
interchanged with GAT, especially in the management of patients with risk factors, ocular
hypertension, suspect patients and glaucoma.

Other types of non-contact tonometers, with new interesting features, have recently
been introduced. In addition to the traditional tonometers, these devices show IOP values
that take CCT and corneal biomechanics into account, claiming to provide more accurate
IOP measurements [19,46].

The Ocular Response Analyzer (Reichert Technologies, Depew, NY, USA) or ORA,
developed in 2005 by Luce et al. [46], is a non-contact air-puff tonometer that provides an
optical electrical device to measure the deformation of the cornea caused by the impact of
the air (Figure 7).

The force of the air makes the cornea move in an inward fashion in a first applanation
state, causing it to take on a slight concave shape, to then move outward in a further
applanation state, and finally to take on a normal configuration state. The electro-optical
applanation detection system registers the curvature of the cornea in a diameter of 3 mm
in the center for 20 msec. The two inward and outward applanation events, which are
delayed by the viscoelastic corneal damping, allow for the calculations of two different
IOP values based on the applanation principle. The instruments provide an average of
these two pressure measurements and supply the so-called Goldmann-correlated IOP
value (IOPg); the corneal hysteresis (CH) parameter is based on the difference between
these two measurements of pressure. The instrument also provides a corneal-compensated
IOP (IOPcc), which is based on the biomechanical properties of the cornea (elasticity and
viscosity), to compensate for the measured IOP values [46,47].

Figure 7. Ocular Response Analyzer (ORA) mod.G3.
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There are several pros and cons to this device. The ORA is a relatively expensive
device, but it is easy to handle, and topical anesthesia and fluorescein are not needed. In
comparison with GAT, ORA has been demonstrated to significantly overestimate the IOP
values, especially at high IOP levels [47,48]. Several authors have demonstrated that the
IOPcc is less affected by corneal properties [48–51] and may better reflect the true IOP after
refractive surgery of the cornea when compared to GAT IOP values [52].

Recent studies have shown that the ORA IOPcc values were superior to the GAT IOP
measurements in predicting rates of glaucoma progression [53,54]. The CH parameter has
been associated with other parameters of damage due to glaucoma, such as high cup-to-
disc ratio and defects in the visual field. Several studies have shown a low CH value to
be an independent predictor of functional damage occurrence or progression in the visual
field in patients affected by ocular hypertension or glaucoma [55–58]. Moreover, the CH
value can help in detecting patients with pathologies of the cornea such as keratoconus [59].
It may also be a useful parameter for patients at risk of developing corneal ectasia after
refractive LASIK surgery [60].

The Corvis ST (Oculus, Wezlar, Germany), a novel non-contact instrument, released
in 2011 [61], is based on the system that causes indentation of the cornea by a jet of air. The
tonometer has a built-in Scheimpflug ultra-high-speed device (Figure 8).

Figure 8. Corvis tonometer.

This instrument provides IOP measurements based on the indentation principle, in
addition to pachymetry taken by on optical device and other biomechanical parameters
of the cornea obtained by registering the surface deformation due to an applied air pulse,
similar to an ORA device. A Scheimpflug camera visualizes an 8.5 mm diameter of the
center of the surface of the cornea and precisely records the corneal deformation induced
by the air-jet and its return to its normal shape with a high resolution and more than
4300 frames per second. A biomechanically corrected IOP value (bIOP), which takes the
individual corneal deformation parameters into account, is also provided by the device.

The Corvis ST precision for the CCT and IOP values has been shown to be excel-
lent; however, it is moderate for the corneal deformation parameters [62–64]. Previous
studies demonstrated that Corvis ST tends to underestimate IOP readings obtained with
GAT [61,62,65,66]. The Corvis ST biomechanically corrected IOP values (bIOP) have been
shown to be less influenced by the CCT and corneal biomechanics and to be more effective
in measuring the IOP in subjects who underwent refractive surgery [67]. Moreover, the
Corvis ST corneal deformation parameters have been shown to be effective in discriminat-
ing between normal and keratoconic eyes [68].
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5. Pneumotonometry

Pneumotonometers are devices based on the applanation principle, which use a
different technology [69,70]: the tonometer probe consists of a hollow central tube flanked
by a side exhaust, and the sensor is air pressure, which is dependent on the resistance of
the exhaust. During the cornea applanation, the pressure within the central tubes increases
to match the force generated by the IOP. A pneumatic electronic transducer converts the
air pressure to a tracer on a strip of paper (Figure 9).

Figure 9. Pneumotonometer.

In several studies, pneumotonometry proved to be quite accurate and reliable in glaucoma
screening and showed a greater reliability compared to GAT after PRK and LASIK [71–73].
Pneumotonometers such as the Pulsatile Ocular Blood Flow (OBF, Figure 10) have been used
in the past to measure the pulse fluctuation and thereby give indirect information regarding
the ocular blood pulse [74–77]. OBF measurements, however, appear to be more influenced
by CCT and more variable than GAT readings, with a significant overestimation [78–80]. The
clinical usefulness of this instrument in clinics still remains controversial.

Figure 10. Langham Ocular Blood Flow pneumotonometer.
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6. Rebound Tonometry

From a clinical point of view, the iCare rebound tonometer, introduced in 2000 by
Kontiola [81], is currently one of the most interesting and widespread instruments used in
practice (Figure 11).

A subtle probe impacts onto the cornea and then rebounds from the eye with a
different velocity, which varies according to the IOP (Figure 12).

Figure 11. iCare rebound tonometer.

Figure 12. Disposable iCare probe.

The movement of the probe causes a voltage in the internal solenoid that is then
amplified and digitally changed by a microprocessor. The IOP value is averaged from
six consecutive measurements. The reliability of the final value is also displayed. The
iCare tonometer is a reliable and precise instrument. It is rapid and easy to use, which is
particularly helpful in busy clinics and with children, considering that there is no need for
topic anesthesia [82–85]. The small surface contact makes it suitable to measure IOP after
keratoplasty and in damaged corneas [85,86]. The iCare PRO version released in 2011 uses
a shorter probe, which can also be used to measure IOP in a supine position. The most
recent versions of this instrument, which are updated versions of the iCare PRO with a
long probe (iCare IC100 and IC200) (Figure 13A,B), provide new features, such as a red
or green light to show if the position of the probe is correct, in addition to providing the
possibility of measuring IOP in a supine position [87,88].
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A simplified version (iCare One, replaced at first by the iCare Home and, recently,
by the iCare Home2 (Figure 14A–C)), which can autonomously be used by patients, has
recently been introduced for at-home auto-tonometry. It can be helpful for detecting IOP
peaks, especially in suspect glaucoma and in normal tension glaucoma subjects, when IOP
measurements appear to be normal during office hours [89–92].

Figure 13. (A) iCare 100; (B) iCare 200 version.

Figure 14. (A) iCare One; (B) iCare Home; (C) iCare Home2.

Numerous studies have compared the different versions of iCare with GAT and other
non-conventional tonometers. When compared to gold standard GAT, clinical results report
a good correlation of tonometry readings, with r values greater than 0.8 for low-to-moderate
GAT readings [93]. A recent study showed agreement between GAT readings and iCare to
be good, with a <2 mmHg mean difference for all ranges of IOP [87]. For IOP > 23 mmHg,
rebound tonometry tends to underestimate IOP compared to GAT, showing readings that
are significantly lower [93].

Considering that rebound tonometry may be less traumatic on the cornea compared
to GAT, it could offer a better alternative in post-operative patients to provide information
regarding IOP. It is important to note that GAT measurements tend to be lower than iCare
for post-operative patients with corneal edema [84,94]. The agreement between iCare and
GAT has been reported to be acceptable in lamellar keratoplasty subjects; yet, it has been
reported to be poor for patients with penetrating keratoplasty [84]. Rebound tonometry
surely cannot replace GAT. However, it may prove to be clinically useful in post-operative
eyes with fragile anterior segments, or eyes with increased risk of infection, in which GAT
is impractical or not indicated.
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In comparing the reliability and reproducibility of IOP values with iCare tonome-
try, air tonometry and GAT, Valero et al. reported ICC > 0.85 and low differences with
GAT [95]. Several studies have reported that iCare provides reproducible and reliability
measurements when compared to other tonometers, although it appears to slightly un-
derestimate GAT readings [88,95–101]. The repeatability of iCare has been shown to be
excellent, with ICC > 0.9 [88,99]. Reliability results with iCare compared to GAT have
been shown to be good (ICC > 0.87) for patients with IOP with low-to-moderate mea-
surements; however, such results are moderate (ICC = 0.52) for IOP < 16 mmHg and
>23 mmHg [88]. Studies have reported sensitivity and specificity rates greater than 0.90 for
rebound tonometry [98,99].

IOP readings taken with iCare do not appear to be affected by axial length, refractive
error, age and gender [87,100]. GAT and rebound tonometry, however, are influenced
by corneal characteristics. IOP tends to be overestimated for central corneal thicknesses
greater than 520 microns [82,93,96,99–101]. Rebound tonometry also appears to be affected
by corneal curvature, corneal hysteresis and disease [96,100,101]. Tonometer measurements
tend to be more accurate with iCare for middle levels of IOP, ranging 16–23 mmHg [100].

Rebound tonometry has several advantages, which include having a short learning
curve, being user friendly in nature, being well tolerated, and being safe for staff and patients.
The instruments are portable, self-calibrated, affordable and do not require a slit lamp, topical
anesthesia or fluorescein dye. These iCare instruments can also be used by trained non-
medical staff. Multiple readings can be taken if needed without the fear of corneal abrasion or
other complications [88]. Unlike GAT that uses a prism in contact with the cornea, the minimal
contact and duration with the disposable iCare tips limits the risk of iatrogenic damage and
cross-infection, which is of great importance in the recent COVID era [101]. Moreover,
iCare does not induce IOP reduction caused by ocular massaging that can be observed in
GAT [102]. The iCare home version can be useful in self-twenty-four-hour measurements of
IOP to monitor diurnal variations in IOP, which may assist in treatment decision making and
surgical timing, especially in patients at greater risks of IOP spikes such as pigment dispersion
glaucoma, angle-closure suspects and pseudoexfoliation glaucoma [100].

The rebound tonometers offer numerous advantages; however, several cons should
be noted. A recent study comparing iCare with GAT in 1000 eyes showed larger mean
differences between tonometers in eyes with IOP > 22 mmHg and in the group of glaucoma
patients with medications [103]. The precision and accuracy of iCare can be influenced
by peripheral measurements of the cornea as opposed to proper central positioning of
the tip [104]. Based on the good agreement with GAT for IOP values <21 mmHg, iCare
can be a time-saving and wise alternative in a routine busy clinical screening setting, in
which the majority of healthy patients show low-to-moderate IOP. These instruments can
offer additional helpful information in a community-based setting when used together
with other pertinent screening tools. High IOP readings taken with iCare tonometers
need to be checked and confirmed with gold standard GAT. Rebound tonometry applies
minimal pressure on the cornea; thus, it can be used to provide indicative IOP readings in
first-day post-operative patients, keeping in mind the good, yet limiting, agreement with
GAT readings. The ease of use, portability, rapidity, and use in supine positions make it
an excellent tool for examining children, disabled and/or bedridden patients and patients
with limited collaboration, in which GAT cannot be performed or is impractical.

7. Dynamic Contour Tonometry

The Dynamic Contour Tonometer (PASCAL, DCT) (SMT Swiss Microtechnology AG,
Port, Switzerland) is a relatively new device developed by Kaufmann et al. in 2003 [105]
and implemented by Kanngiesser et al. in 2005 [106]. The DCT, which is not based on
the applanation principle, calculates the IOP using the Pascal principle, according to
which the pressure change is applied to all parts of a fluid in a contained enclosed space.
The tonometer is positioned on the slit-lamp, requires the use of anesthetic drops (no
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fluorescein) and is automatically calibrated. It uses a concave contour tip that is equipped
with a tiny sensor in the center of the contact surface (Figure 15).

Figure 15. Dynamic Contour Pascal (A) with its sensor tip (B).

When the “contour matching” between the surface of the cornea and the tip of the
instrument is reached, the tangential forces of the cornea are cancelled, and the embedded
pressure sensor directly measures the IOP without any cornea deformation and bias related
to corneal factors, at least theoretically [107–110]. The pressure sensor tip is protected
with a thin silicone membrane covered by disposable sensor caps in order to avoid the
risk of infection. The DCT requires about 8-10 s of corneal contact in order to provide
IOP measurements, which are shown on an LCD screen. Quality scores and ocular pulse
amplitude (OPA) values are also provided. The DCT IOP is based on the diastolic IOP,
which should be considered when comparing DCT and GAT IOP measurements. The
OPA provides indirect information regarding perfusion of the choroid, which has been
demonstrated to be important in the onset and progression of glaucoma [111].

The DCT has been shown to be less influenced by the properties of the cornea and
can be therefore helpful in taking IOP readings in subjects with previous photorefractive
surgeries [112–116]. The DCT has shown high precision, with higher reproducibility than
GAT [109,117]. In comparison with GAT, however, the DCT IOP measurements, although
highly correlated, tend to be significantly higher [26].

The principal drawbacks of the DCT include: the need for a slit lamp, anesthetic and
corneal contact; the need for trained staff and highly cooperative patients that can keep a
good head and eye position for at least 8 s, meaning that this tonometer may prove to be
difficult to use and not rapid in busy clinics [118]; and reduced accuracy in the presence of
irregular corneas [119].

8. Applanation Resonance Tonometry

The Applanation Resonance Tonometer (ART), known in the current commercial ver-
sion as BioResonator ARTn (BioResonator AB, Umea, Sweden) (Figure 16), was developed
by Eklund et al. in 2003 [120]. It was released as both a manual and automatic version
in 2012 [121]. This tonometer uses the applanation tonometry principle combined with
the resonance technique. The device needs must be mounted on a slit lamp, requires the
use of local anesthetic drops before IOP measurement and uses a concave surface sensor
tip, which is positioned on the cornea. The sensor tip is manually pushed towards the
cornea in the manual version of the instrument, whereas the automatic version provides a
tiny motor for movement of the tip. A resonance piezoelectric device is found in the tip of
the sensor that generates a shift in frequency which is proportional to the area of contact.
The IOP is based on the contact area and force measurement parameters, which are taken
continuously throughout the test [120,121].
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Figure 16. The BioResonator ART tonometer.

The ART probe must be carefully disinfected before each subject. This tonometer
is self-calibrated and gives the repeated IOP measurement median and a quality index
reflecting the standard deviation of the IOP values. The IOP measurement provided by
the BioResonator ART is claimed to be more accurate than that of GAT considering that it
represents the median of repeated measures; however, the precision of the instrument has
been questioned [122–124].

Previous studies have reported that this tonometer can provide an overestimate in
IOP values when compared to GAT [123–125]. Furthermore, it seems to be affected by CCT
and corneal biomechanics [120,123,126]. Despite some advantages (repeatable and reliable
measurements, no fluorescein is needed), the BioResonator ART has some drawbacks that
may reduce its clinical usefulness, including: the need for a slit lamp, anesthetic and corneal
contact, with sterilization issues; can be affected by various artifacts and measurement
errors; moreover, its accuracy is influenced by the thickness and biomechanics of the cornea.

9. Continuous IOP Monitoring

All the aforementioned devices can be usefully employed for taking spot IOP measure-
ments during office time. This can be acceptable in a screening setting, but, unfortunately,
undetected elevated IOP spikes tend to occur during the night in many glaucomatous
patients [127]. IOP readings during clinical office hours fail to detect these peaks in more
than 50% of cases with a significant underestimation of IOP [128–131]. Hughes et al. re-
ported that data obtained with continuous monitoring in IOP using a 24 h device had an
influence in therapeutic decisions in 79.3% of enrolled subjects [132]. Keeping these data
in mind, it can be inferred that our current standards in clinics with regard to taking IOP
measurements may not suffice and thus need to be modified [133].

An important step towards a more precise management of patients affected by ocular
hypertension and chronic glaucoma would be the possibility of continuously monitoring IOP
values not only during the day but also in the night, as occurs with the 24 h blood pressure
Holter. This information could be particularly useful in the so-called normal tension glaucoma
patients, which show significant damage progression despite an apparently normalized
IOP. In these cases, an elevated IOP can sometimes be found during the night, especially
early in the morning, outside office hours [134,135]. A number of devices, most of them
only experimental, have been proposed for this purpose over the past 20 years [136–138].
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Some of them need to be surgically inserted into the eye, either during a cataract extraction
procedure, usually embedded in an intraocular lens [139–141], or positioned in the anterior
chamber [142,143], or in the suprachoroidal space [144]. A non-invasive continuous IOP
measurement is also possible using special contact lenses with different types of miniaturized
sensors and a wireless power transmission of data to a recorder.

The contact lens sensor Sensimed Triggerfish (Triggerfish CLS, Sensimed AG, Lau-
sanne, Switzerland) is a miniaturized electromechanical system with a microprocessor
embedded in a disposable silicon contact lens, which transmits a signal to an external
wireless antenna located in the periocular surface (Figures 17 and 18). The data are then
transferred to a portable recorder, for a total of 288 data sets in 24 h. This device can
measure small modifications in the curvature of the cornea believed to be due to variations
of IOP [145–149].

Figure 17. Sensimed Triggerfish.

Figure 18. Schematic view of Triggerfish, wireless antenna and portable recorder.

Triggerfish CLS is usually well tolerated [150–152] and has also been shown to have
high reproducibility [150–155]. The information obtained with these device parameters
might be useful in assessing changes and IOP fluctuations in subjects with pseudoexfoli-
ation syndrome, pigment dispersion, and in predicting the visual field loss progression
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rate [156,157]. Several studies have shown the usefulness of this contact lens sensor for
assessment of the risk of glaucoma, which may prove to be important in subjects with NTG,
in which IOP tends to be normal with diurnal readings [158–161].

The main problem with this device is that there is no direct correlation between
corneal changes, expressed in millivolt equivalent (mVeq), and IOP values. Studies have
shown that IOP measurements taken with GAT and Triggerfish values tend to have a
high correlation at the beginning, after the insertion of CLS [148]; however, the correlation
becomes poor after 24 h [153,154].

CLS is advantageous because it is not invasive, can be easily removed and disman-
tled [155], readily available [155], accepted and tolerated by patients [150–152], and pro-
vides good reproducibility [151,153,154]. The validity (i.e., considering the estimation
accuracy of IOP readings) and relatively costly equipment of CLS are important drawbacks,
which render the clinical usefulness of this instrument still debatable in literature [153,154].

Other types of devices able to measure IOP, either implantable or non-invasive [162–173],
have been proposed, but almost all are still experimental and need further studies before
being introduced into clinical practice.

10. Conclusions

As shown in Table 1, numerous tonometers have been proposed in the past. It
is important to note that in managing and treating glaucoma patients, it is preferable
and more reliable to measure IOP every time with the same type of equipment for each
individual glaucoma patient. Several instruments have provided specific advantages
compared to Goldmann tonometry. Alternative systems reported in literature, either non-
invasive or implantable, remain experimental. Despite promising preliminary results, none
have obtained widespread use and are adaptable in a routine clinal setting. New is not
always better. The Goldmann tonometer, despite its limitations and a lack of innovative
and novel advancements in the past 70 years, continues to be theoretically more precise
and considered the gold standard tonometer to diagnose and manage patients with ocular
hypertension and glaucoma.
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Abstract: Background: The correlation between intraocular pressure (IOP) and the magnetic reso-
nance imaging (MRI) parameters in thyroid-associated ophthalmopathy (TAO) patients was explored.
Methods: This study included 82 eyes in 41 TAO patients who had a large difference in the IOP
between each eye. We measured the T2 relaxation time (T2RT) of the extraocular muscles (EOMs),
the orbital fat, and the area of the EOMs. Results: There was a positive correlation between IOP and
exophthalmos, the clinical activity score (CAS), the T2RT (of the medial rectus (MR)), the area of the
MR, inferior rectus (IR) and lateral rectus, and the mean area. We established a regression model
with IOP as the dependent variable, and the area of the IR was statistically significant. Conclusions:
High IOP in TAO patients was positively correlated with the degree of exophthalmos and EOM
inflammation (especially the inferior rectus). The state of the EOMs in an orbital MRI may partially
explain high IOP and provide the necessary clinical information for subsequent high IOP treatment.

Keywords: thyroid-associated ophthalmopathy; extraocular muscle; magnetic resonance imaging;
intraocular pressure; T2 relaxation time

1. Introduction

Thyroid-associated ophthalmopathy (TAO) is a chronic autoimmune inflammatory
disease that affects the orbital fat (OF), extraocular muscles (EOMs), eyeball, and eye
appendages, and is related to thyroid autoimmune pathology [1]. Clinical signs include
widened palpebral fissure, eyelid retraction, conjunctival hyperemia, exophthalmos, corneal
exposure, restrictive myopathy, optic neuropathy, and other symptoms [2]. In most patients,
the effects on the eye appear mild, and the severe form of the disease affects 3% to 5%
of individuals [3].

Many studies have shown that people with thyroid disease have a higher risk of high
intraocular pressure (IOP) and glaucoma [4,5]. However, there have also been studies that
were skeptical of these findings. A study by Cockerham showed that, while a quarter
of TAO patients developed ocular hypertension, glaucoma damage was rare and even
lower than the relative risk for glaucoma visual field defects in healthy people [5]. There
are also differing opinions on the treatments for lowering the IOP in TAO patients with
ocular hypertension. Despite the various theories so far, the relationship between ocular
hypertension, open-angle glaucoma, and TAO is still a mystery. The increase in IOP in
TAO may be caused by inflammation that causes swelling of the EOMs, which restricts
and compresses the eyeball [6]; a decrease in orbital venous drainage leads to an increase
in episcleral venous pressure [7], or an increase in mucopolysaccharide deposition in the
trabecular meshwork, which thereby reduces the outflow of aqueous humor [8].
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A study by Stoyanova et al. showed that a group of TAO patients with a larger
thickness sum in the EOMs, as shown by orbital computed tomography, had higher IOP [9].
Studies have also found a negative correlation between IOP and the flow velocity of the
supraocular vein in TAO patients [7]. Some studies have proposed that inflammation-
induced EOM edema and inflammation-activated fibroblasts differentiate into adipocytes
in TAO patients, leading to crowding of the orbital tissue and then increased IOP. However,
there have been no studies to quantify this relationship.

By using the T2 relaxation time (T2RT), orbital magnetic resonance imaging (MRI) not
only detects the presence or absence of swollen tissue, but also objectively and quantitatively
evaluates the inflammatory activity of the orbital tissue in TAO patients [10,11]. The increase
of T2 signal intensity in MRI may indicate edema changes which caused by autoimmune
inflammation and/or vascular congestion, as the T2RT reflects the water content of the
tissue. Orbital MRI can provide a more comprehensive assessment of TAO patients. [10].

Studies have found a variety of systemic and ocular risk factors associated with
TAO combining with open-angle glaucoma, including old age, female gender, a family
history of glaucoma, myopia, diabetes, hypertension, the presence of pseudoexfoliation
and thyroxine treatment [12]. There are also many factors affecting the IOP of TAO patients.
The current study included patients with high IOP in a unilateral eye and compared the
differences in parameters, such as the EOMs and the clinical activity score (CAS) between
both eyes; it studied the factors that lead to increased IOP in patients with TAO so as to
provide information for the selection of subsequent treatment options. Furthermore, this
study effectively avoided the influence of confounding factors, such as age, sex, blood
pressure, measurement time, medication history, thyroid hormone status, and history of
other systemic diseases among the individuals with IOP.

2. Materials and Methods
2.1. Subjects

A retrospective analysis was performed on clinical data from November 2015 to
December 2019 for a total of 82 eyes in 41 TAO patients who met the inclusion criteria at
Tongji Hospital, Tongji Medical College of Huazhong University of Science and Technology.
The age, gender, thyroid disease status, vision, IOP, CAS, exophthalmos, and orbital MRI-T2
mapping scans of the patients were collected.

Inclusion criteria: TAO was diagnosed according to the EUGOGO guidelines [13].
An IOP difference ≥ 2 mmHg between the two eyes, an IOP ≤ 21 mmHg in a unilateral eye,
and an IOP > 21 mmHg in the other eye, or an IOP difference ≥ 5 between the two eyes
and an IOP ≤ 21 mmHg in the bilateral eyes were included. Exclusion criteria: patients with
inconsistent local corticosteroid therapy in the eyes in the past 3 months, a history of orbital
decompression and EOM surgery in the past year, or intervals between the IOP measurement
and orbital MRI-T2 mapping examination of greater than 1 month were excluded.

According to the IOP of the bilateral eyes, the eyeball with the lower IOP was included
in the low IOP group, and the other eye with the higher IOP was included in the high IOP
group. The IOP was measured with a non-contact tonometer (NIDEK). TAO activity was
evaluated according to the CAS. The contents of the CAS according to EUGOGO guidelines
(2021) [13] include the following points, and each positive counts as 1 point for a total of
7 points: 1. Spontaneous retrobulbar pain; 2. Pain on attempted upward or downward
gaze; 3. Redness of eyelids; 4. Redness of conjunctiva; 5. Swelling of caruncle or plica;
6. Swelling of eyelids; 7. Swelling of conjunctiva (chemosis).The CAS and the degree of
exophthalmos were measured by the same orbital plastic surgeon (B.L.) All data were
obtained by averaging them after three measurements. The data of the cross-sectional areas
of the extraocular muscles and the T2 relaxation times of the orbital tissues were mainly
measured by two radiologists who had worked for more than 5 years, and the average
values of the data were used. The orbital MRI-T2 mapping reports were issued by the same
imaging specialist (J.Zh.) for all patients.
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2.2. Measurement of Orbital MRI-T2 Mapping Parameters

An orbital MRI was performed for all participants using a 3.0 T MRI system (Signa
HDxt, GE Healthcare, Pittsburgh, PA, USA). The T2RTs of the EOMs were measured using a
multi-slice multi-spin echo pulse sequence with a TR of 1500 ms, 7 TE values (22, 33, 44, 55, 66,
77, and 88 ms), a 180 × 180 mm field of view, 3.0 mm slice thickness, a 256 × 256 matrix, and
1 NEX. The color-coded T2 calculation was generated by a single exponential curve fitting
using T2 mapping software (ADW4.4 workstation, GE Healthcare, Pittsburgh, PA, USA)
(Figure 1a). The T2RTs (ms) and the areas (mm2) of five EOMs (inferior rectus (IR), superior
rectus/levator complex (SRLCLC), medial rectus (MR), lateral rectus (LR), and superior
oblique (SO)) were measured (Figure 1b). The maximum value for the T2RT or the area on the
coronal section of each EOM was recorded as the final T2RT or area value.
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Figure 1. Measurement of Orbital MRI-T2 Mapping Parameters. (a) Orbital coronal pseudo-color
map, representing the T2RT value of the ROI in each EOM; (b) orbital coronal view, indicating the
largest cross-sectional area of the EOM. T2RT, T2 relaxation time; ROI, region of interest; EOM,
extraocular muscles.

2.3. Image Analysis

All the MR data from T2 mapping were processed using open-source software (Fire
Voxel, New York University, New York, NY, USA) by two experienced neuroradiologists
(approximately 4 and 7 years of clinical experience in head and neck radiology). The maximum
cross-sectional area and the T2RT of the EOM were calculated for the five EOMs and orbital
fat (superior, inferior, medial, lateral rectus, and superior oblique) within each orbit.

Blind to patient information, the two neuroradiologists selected the TE value that best
delineated the EOM on the T2 mapping image, and carefully and independently drew a
region of interest (ROI) layer by layer along the edge of the EOM, while avoiding orbital
fat and air in the paranasal sinuses. Using partial volume effects to obtain the VOI (volume
of interest) of the muscle, the same procedure was repeated to generate a VOI of five EOMs
within each track. Due to the difficulty in separating the superior rectus and the levator
superioris, they are delineated as a group of muscles called the superior rectus/levator
complex. The orbital and extraocular muscles were delineated to delineate the boundary
of the orbital fat, and the orbital fat VOI was obtained. The T2 relaxation time of each
extraocular muscle was calculated using a single exponential T2 mapping fitting model.
The value of T2 relaxation time was obtained by using S (TE) = S0 × e(−TE/T2), where
S is the signal intensity (in arbitrary units), S0 is the initial signal intensity, TE is the echo
time, and T2 is the T2 relaxation time (ms). The maximum cross-sectional area of each
extraocular muscle was calculated using Image J (V1.8.0.112, National Institutes of Health,
Bethesda, MD, USA).
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2.4. Statistical Analysis

For statistical evaluation of the data, SPSS Statistics software (ver. 26, IBM, Armonk,
NY, USA) was used for the statistical analysis. A Shapiro–Wilk test was used for the
normality test. A paired t-test was used to compare the data that satisfied the normal
distribution; if they did not, a Wilcoxon signed-rank test was used. The correlation analysis
used a Spearman test. Taking the IOP as the dependent variable, a single-factor regression
analysis combined with clinical experience was used to screen the independent variables,
and the age, gender, CAS, EOM cross-sectional area, and T2RTs of the EOMs were included
as independent variables for screening to build a variable linear regression model (p < 0.05).
p < 0.05 was considered statistically significant.

3. Results

The demographic characteristics of the TAO patients included in this study are shown
in Table 1.

Table 1. Demographic characteristics of TAO patients.

Demographic Characteristics

Gender (Male/Female) 21/20
Age (Year) 44.59 ± 10.77

Thyroid function (euthyroid/hyperthyroidism/hypothyroidism) 8/32/1
History of glucocorticoid use (No/Yes) 33/8

The ocular data for the low IOP (LIOP) group and the high IOP (HIOP) group are
shown in Table 2 and Figure 2. It can be seen that the values for the CAS, exophthalmos,
T2RT of the MR, the area of the MR, IR and LR, the average area of the five EOMs and the
total area of the five EOMs were significantly higher in the HIOP group than in the LIOP
group (p = 0.001, p < 0.0001, p = 0.015, p = 0.002, p < 0.0001, p < 0.0001, p < 0.0001, p < 0.0001).
In order to study the clinical characteristics of TAO eyes with ocular hypertension, we
performed a statistical analysis on the clinical symptoms of TAO eyes. In terms of clinical
symptoms, the incidence of restricted upward movement of the eye and spontaneous
retrobulbar pain (y/n) were significantly increased in the HIOP group com-pared to the
LIOP group (p = 0.0008, p = 0.020).

Table 2. Ocular characteristics of TAO patients in 2 groups.

Parameters LIOP Group
(n = 41)

HIOP Group
(n = 41) p Value

CAS 1.90 ± 1.73 2.68 ± 1.77 0.001 &

Exophthalmos 17.54 ± 2.76 19.40 ± 2.74 <0.0001 &

T2RT (MR) 70.81 ± 11.25 74.68 ± 9.39 0.015 &

Area (MR) 40.24 ± 18.40 46.78 ± 21.82 0.002 &

T2RT (IR) 79.55 ± 7.67 79.26 ± 9.28 0.850 $

Area (IR) 43.05 ± 16.28 68.78 ± 27.89 <0.0001 &

T2RT (LR) 72.81 ± 6.52 74.38 ± 6.75 0.251 &

Area (LR) 48.54 ± 13.34 56.93 ± 16.52 <0.0001 &

T2RT (SRLC) 81.87 ± 15.38 82.96 ± 14.42 0.791 &

Area (SRLC) 57.15 ± 32.20 65.17 ± 37.64 0.925 &

T2RT (SO) 75.42 ± 6.84 75.92 ± 7.67 0.506 $

Area (SO) 18.10 ± 5.03 20.08 ± 6.73 0.118 &

T2RT (OF) 71.11 ± 14.09 70.51 ± 14.29 0.667 &

Average T2RT 75.26 ± 6.02 76.29 ± 5.95 0.168 &

Total T2RT 451.57 ± 36.13 457.71 ± 35.72 0.168 &

Average area 41.47 ± 13.11 51.51 ± 14.01 <0.0001 &

Total area 206.63 ± 66.42 257.54 ± 70.04 <0.0001 &

RUME (y/n) 11/30 26/15 0.0008 #

RDME (y/n) 9/32 10/31 0.794 #

RIME (y/n) 0/41 1/40 >0.999 *
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Table 2. Cont.

Parameters LIOP Group
(n = 41)

HIOP Group
(n = 41) p Value

ROME (y/n) 6/35 9/32 0.392 #

Spontaneous retrobulbar pain (y/n) 9/32 19/22 0.020 #

Pain on attempted upward or
downward gaze (y/n) 9/32 14/27 0.219 #

Redness of eyelids (y/n) 9/32 10/31 0.794 #

Redness of conjunctiva (y/n) 12/29 16/25 0.352 #

Swelling of eyelids (y/n) 26/15 30/11 0.343 #

Swelling of conjunctiva (y/n) 10/31 14/27 0.332 #

Swelling of caruncle or plica (y/n) 3/38 7/34 0.177 #

LIOP, low intraocular pressure; HIOP, high intraocular pressure;CAS, clinical activity score; T2RT, T2 relaxation
time; MR, medial rectus; IR, inferior rectus; LR, lateral rectus; SRLC, superior rectus/levator complex; SO, superior
oblique; OF, orbital fat; RUME, restricted upward movement of the eye; RDME, restricted downward movement
of the eye; RIME, restricted inward movement of the eye; ROME, restricted outward movement of the eye; $,
paired t-test; &, Wilcoxon signed-rank test; *, Fisher test; #, chi-square test.
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Figure 2. Wilcoxon signed-rank test charts show the differences of the CAS score (a), the overall
orbital T2 relaxation time—T2RT (Total) (b), the medial rectus muscle T2 relaxation time—T2RT(MR)
(c), exophthalmos (d), the average extraocular muscle cross-sectional area—average area (e), the
inferior rectus cross-sectional area-area (IR) (f), the medial rectus cross-sectional area—area (MR) (g),
and the lateral rectus cross-sectional area—area(LR) (h) between the HIOP and LIOP groups. CAS,
clinical activity score; T2RT, T2 relaxation time; MR, medial rectus; IR, inferior rectus; LR, lateral
rectus; HIOP, high intraocular pressure; LIOP, low intraocular pressure; NS, not statistically different;
* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.

3.1. Correlation Analysis

For the IOP, CAS, exophthalmos, T2RTs (ms), and the areas (mm2) of the five EOMs, the
average T2 value and the average area of the EOMs were subjected to a bivariate correlation
analysis, and it was found that IOP was positively correlated with the CAS, exophthalmos,
T2RTs (MR), MR, IR, and LR areas, and the average area of the five EOMs (Table 3).
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Table 3. Correlation analysis between IOP and CAS, exophthalmos and OMR parameters.

Parameters Correlation Coefficient with IOP p Value

CAS 0.254 0.021
Exophthalmos 0.402 <0.001

T2RT (MR) 0.250 0.023
Area (MR) 0.257 0.020
T2RT (IR) −0.101 0.367
Area (IR) 0.550 <0.001
T2RT (LR) 0.093 0.406
Area (LR) 0.340 0.002

T2RT (SRLC) 0.034 0.759
Area (SRLC) 0.033 0.765
T2RT (SO) 0.045 0.691
Area (SO) 0.178 0.111
T2RT(OF) 0.106 0.344

Average T2RT 0.151 0.177
Average area 0.440 <0.001

IOP, intraocular pressure; OMR, ocular magnetic resonance; CAS, clinical activity score; T2RT, T2 relaxation time;
MR, medial rectus; IR, inferior rectus; LR, lateral rectus; SRLC, superior rectus/levator complex; SO, superior
oblique; OF, orbital fat.

3.2. Multiple Linear Regression

Taking IOP as the dependent variable, the CAS, exophthalmos, T2RT (ms),
the areas (mm2) of the five EOMs, and the T2RT of OF were used as independent variables
for variable screening (p < 0.05), and finally, exophthalmos, the T2RT of MR, the area of IR
and LR were included in the linear regression to build a regression model (Table 4).

Table 4. Model of liner regression.

B P

Constant 10.426 0.061
Exophthalmos 0.345 0.153

T2RT(MR) −0.057 0.471
Area (IR) 0.103 0.001
Area (LR) 0.050 0.307

IOP = 10.426 + 0.345 × exophthalmos—0.057 × T2RT (MR)+ 0.103 × Area (IR) + 0.050 × Area (LR). T2RT,
T2 relaxation time; MR, medial rectus; IR, inferior rectus; LR, lateral rectus.

Linear regression equation:

IOP = 10.426 + 0.345 × exophthalmos − 0.057 × T2RT(MR)+ 0.103 × Area (IR) +0.050 × Area (LR)

The area of the IR muscle is statistically significant.

4. Discussion

In this study, the values for the CAS, exophthalmos, the T2RT of the MR, IR and
LR areas, and the mean area in the higher IOP group were significantly higher than in
the lower IOP group. The T2RTs and the areas of the EOMs were higher in the high
IOP group, and there was a positive correlation between them. We suggest that there
are several reasons for this. First, the thickening of the EOMs makes orbit tissue more
crowded, which mechanically compresses the eyeball, resulting in increased IOP. Second,
the increased volume increases the pressure of the scleral vein and affects the outflow of the
aqueous humor, which also increases the IOP. A study by Seo et al. also showed that the
postoperative IOP of TAO patients was significantly lower than their preoperative IOP [14],
indicating that the increase in the volume of the orbital tissue did cause an increase in IOP.
At the same time, some researchers have suspected that the deposition of hyaluronic acid
in the trabecular meshwork of TAO patients could cause obstruction of the outflow of their
aqueous humor. Studies have found that the trabecular meshwork was the target tissue
of thyroid hormones and that T3 could regulate HA levels. This supports the view that
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thyroid hormones can regulate the levels of HA in the eyes and may affect the outflow of
aqueous humor [8].

TAO is an autoimmune disease characterized by the inflammation of the orbital
connective tissue. The orbital volume increases due to increased adipogenesis and the
excessive production of glycosaminoglycans, as well as due to EOM fibrosis [15]. Our
research found that the exophthalmos and CAS in the high IOP group were significantly
higher than those in the low IOP group, and that the IOP and exophthalmos were positively
correlated. We believe that high exophthalmos is one of the manifestations of hypertrophy
in the intraorbital tissue because the increased tissue volume in the rigid wall of the
orbit tends to push the eye forward, causing it to protrude, and the CAS can reflect
the inflammation of the orbital tissue and the degree of orbital venous stasis caused by
intraorbital crowding [16,17]. Therefore, more hypertrophic EOMs and greater proliferation
of orbital adipose tissue will lead to greater exophthalmos and more likely cause higher
IOP and CASs.

As mentioned in the introduction, the CAS is a subjective and qualitative measurement
method, while an orbital MRI is an objective and quantitative measurement method. At
the same time, the T2RT is more reliable in distinguishing the fibrosis expansion in the
EOMs with lower disease activity from the inflammation and edema in the EOMs with
higher disease activity. Our study quantitatively evaluated the EOM area and the orbital
tissue T2RTs of TAO patients. We combined this with IOP measurements and used linear
regression modeling to analyze the factors affecting IOP. This is more convincing than
previous qualitative analyses.

In the correlation analysis, IOP had the strongest correlation with the IR area. When
the regression model of the factors influencing IOP was established, the IR area became the
only statistically significant EOM parameter. Previous studies have shown that the EOM
most commonly affected by TAO is the IR [18]. We speculate that this may be because the
most commonly involved muscle in TAO patients is the IR, which is more representative
of the degree of orbital crowding than the other EOMs. At the same time, according to
previous studies, the eye position while measuring IOP can also cause a temporary increase
in the IOP measurement. For example, IOP is significantly higher when gazing upward
than in the primary eye position, which is more pronounced in normal eyes than in TAO
patients [19]. Studies on TAO IOP have shown that in a non-relaxed eye position, the
infiltration and fibrosis of the EOMs can lead to an ultra-short-term increase in IOP caused
by the pressure of EOMs on sclera [20]. At the same time, the study by Gomi et al. has
proved that IOP can be significantly reduced by releasing the extraocular muscle restriction
in TAO patients [6]. When we measured the IOP, the patients were in the primary position.
Therefore, some patients with IR infiltration or fibrosis needed to resist the pulling of the
IR, which will inevitably put pressure on the eyeball.

A shortcoming of our research is that a non-contact applanation tonometer was used,
which could not measure the true IOP according to the patient’s primary eye position as
well as handheld tonometers, such as iCare. At the same time, this study found that the
measured value of the non-contact applanation tonometer was higher than that of the iCare
contact tonometer and the Goldman tonometer [21]. Failure to measure the central corneal
thickness is another shortcoming of this study. Because of the heterogeneity between the
eyes, the influence of the central corneal thickness on the IOP results needs to be considered.

Some of our research results can provide useful information for clinical use. In all
cases of high IOP, clinicians should look for other signs, as elevated IOP may simply be a
manifestation of TAO. For high IOP without visual field and optic nerve fiber abnormalities,
the cause should be judged carefully. For patients with transient IOP increases due to
changes in gaze position, they can be temporarily treated, not for lowering their IOP, but for
increased IOP from the crowding of the orbital contents caused by long-term inflammatory
reactions; the visual field and the thickness of the nerve fiber layer can be monitored, and
the IOP can be appropriately treated according to the situation. At the same time, studies
have shown that when compared with glaucoma patients, the TAO 24-h IOP rhythm pattern
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is closer to that of healthy subjects [22]. Therefore, for those TAO patients with high IOP,
a 24-h IOP measurement can also be considered for further judgment.

5. Conclusions

The high IOP in TAO patients is positively correlated with the degree of exophthalmos
and EOM inflammation. The orbital MRI EOM state can explain part of the cause of high
IOP and provide necessary clinical information for subsequent high IOP treatment.
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1 Department of Ophthalmology, University Medical Center Maribor, Ljubljanska 5, 2000 Maribor, Slovenia;
dr.tomislav.sarenac@gmail.com (T.S.); anela.becic@gmail.com (A.B.T.); pferme@gmail.com (P.F.)

2 Faculty of Medicine, University of Maribor, Taborska Ulica 8, 2000 Maribor, Slovenia
* Correspondence: tomaz.gracner@ukc-mb.si

Abstract: Presently, there is no efficacious treatment for glaucomatous optic neuropathy; the current
treatment is focused on lowering intraocular pressure (IOP). Studies have demonstrated the safety
and efficacy of selective laser trabeculoplasty (SLT) in reducing the IOP in eyes with open-angle (OAG)
glaucoma or ocular hypertension (OH). Moreover, the European Glaucoma Society has instated SLT
as the first-line or adjunctive treatment in OAG or OH, reiterating its clinical significance. In this
review, we outline the old and the new roles of SLT, with an emphasis on clinical practice, and look
further into its renewed appeal and future developments.
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1. Introduction

Glaucoma is the third largest cause of blindness worldwide, after unaddressed refrac-
tive errors and cataracts [1]. The global prevalence in the elderly population worldwide
is estimated at 3.5%. It was presumed that by 2020 there would have been 79.6 million
people affected with glaucoma; this number might increase to 111.8 million globally by
2040, causing a significant decrease in the quality of life and economic burdens [2]. It is
assessed that, currently, 57.5 million people are affected by primary open-angle glaucoma
(POAG) [3]. The main goals of glaucoma treatment are to preserve visual functioning
(adequate to individual needs), with minimal or no side effects, for the expected lifetime of
the patient, without any disruption of normal activities, at a sustainable cost [4]. Glaucoma
is a disease associated with optic nerve degradation (glaucomatous optic neuropathy),
which causes visual field loss, and is responsible for significant visual morbidity, i.e., loss
of independence. Presently, there is no proven efficacious treatment of glaucomatous
optic neuropathy. Therefore, the treatment is focused on reducing intraocular pressure
(IOP), which is the only risk factor linked to glaucoma progression that can be successfully
influenced [5]. Reducing IOP can be achieved with medical, surgical, or laser treatments.
The most common initial treatment is with hypotensive drops; however, patient adherence
to a treatment regimen could be relatively low [6]. In 1998, the first successful protocol
of selective laser trabeculoplasty (SLT) was established, a 532-nm Q-switched frequency-
doubled Nd:YAG laser with a single pulse of short duration and low fluence was used and
has become an established method for lowering the IOP in the treatment of open-angle
glaucoma (OAG) and ocular hypertension (OH) [7]. It targets the trabecular meshwork
(TM), which improves aqueous outflow, contributes to reducing IOP, and does not require
extensive patient compliance.

Multiple studies have, to a high extent, demonstrated the safety and efficacy of SLT in
reducing IOP in OAG or OH. However, most of the studies have reported on SLT as an
adjunctive treatment [8–11]. This has left the role of primary SLT somewhat ambiguous;
however, it appears to be vastly more important in clinical practice than ascribed in the
guidelines. SLT could be considered one of the cornerstones of dropless glaucoma therapy
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in newly diagnosed OAG or OH [4]. This has recently been further upheld by randomized
controlled trials, supporting the case for SLT as the first-line treatment of glaucoma, such
as in the laser in glaucoma and ocular hypertension (LiGHT) study [12]. The European
Glaucoma Society Terminology and Guidelines for Glaucoma, 5th Edition, recently listed
SLT earlier in the algorithm of glaucoma treatment [13]. It was stated that SLT can be used
sooner, as an alternative to failed first monotherapy, as a single glaucoma treatment, or as
an adjunctive treatment later on; this has renewed the appeal of SLT to clinicians.

In the following review, we will outline some of the crucial clinical guidelines for SLT,
especially in OAG and OH, and concisely provide useful data to provide more information
about this topic, focusing on recent relevant studies. Our search for studies was conducted
using the PubMed database; the search strategy is available in Supplementary Materials.
Finally, promising future directions in this area will be introduced, with an outline of novel
clinical studies.

2. Basic Principles

Although lasers have gained great popularity in glaucoma management over the
last two decades, the history of laser treatment for glaucoma started back in the early
1970s with Q-switched laser goniopuncture being the first technique described [14,15].
While the technique succeeded in IOP reduction, success was short-term. A few years
later, argon laser trabeculoplasty (ALT) was presented by Wise and Witter [16]. They
postulated a mechanical mechanism, in which laser-induced thermal burns of the TM
caused collagen shrinkage following scarring of the TM. This tightens the corresponding
meshwork and reopens the adjacent, untreated intertrabecular spaces, facilitating aqueous
outflow. Ultrastructural TM modifications occurred before the IOP-reducing response,
suggesting the mechanism of action is more complex. The cellular theory proposes that, in
response to coagulative necrosis induced by the laser, there is elevated cytokine production,
causing remodeling of the juxtacanalicular extracellular matrix, a likely site for the aqueous
outflow resistance, improving the outflow facility [17,18].

ALT causes IOP reduction through increased aqueous outflow, confirmed by both
tonography and aqueous dynamic studies [19]. With 30% IOP reduction, ALT was pre-
sented as a first-line therapy and as a second-line therapy [20]. Adverse events related
to ALT were transient acute IOP spikes following the laser, development of peripheral
anterior synechiae (PAS), corneal endothelial changes, and acute anterior uveitis [21]. Al-
though serious side effects rarely occurred, most of the authors reported falling effects over
time [22,23]. Latina and Park first introduced selective laser trabeculoplasty in their in vitro
study in 1995 [24]. Using Q-switched frequency-doubled 532 nm Nd:YAG laser SLT targets
the pigmented TM cells selectively without damaging the adjacent non-pigmented cells or
other structures of the TM [25].

3. Mechanism of Action

The mechanism by which SLT lowers IOP is not completely understood and is likely
multifactorial. SLT is based on the principle of selective photothermolysis first described
by Anderson and Parrish 1983, in which radiation energy applied to the TM selectively
targets pigmented cells without causing thermal damage to adjunctive structures [26].
Latina and Park demonstrated the SLT effect by selectively targeting pigmented TM in
their in vitro [24] study on bovine TM cell cultures, and a few years later, in their in vivo
study [7]. The extent of pigmented cell depletion after SLT depends on the magnitude of the
energy used and the distance from the center of the irradiated zone reported by Wood et al.
in their in vitro study [27]. In 2001, Kramer and Noecker reported less structural damage
to the human TM in SLT-treated eyes compared to ALT in their in vitro study [28]. In
2003, Cvenkel et al. compared histopathological changes occurring in the eyes after ALT
and SLT in their in vivo study and reported a smaller extent of the damage to the TM
after SLT [29]. A meta-analysis comparing ALT to SLT revealed similar efficacy in the
therapeutic IOP response. However, SLT has resulted in a greater reduction in the number
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of glaucoma medications versus ALT [30,31]. Moreover, SLT appears to be more effective in
IOP reduction in retreatment versus ALT [32]. The authors report SLT’s effect in lowering
IOP by increased outflow through TM [33,34] without significant differences in the aqueous
humor dynamics comparing Caucasian and African races [35]. Vikas et al. discovered the
IOP-lowering effect of SLT being mediated through an increase in the outflow facility using
fluorophotometry and tonography in their study. They suggested higher aqueous flow and
a lower outflow facility as predictive factors for better response to SLT [36]. As described,
structural damage occurring to the TM in ALT is not detected in SLT patients; therefore, the
mechanical and structural theories that have been suggested to explain ALT’s mechanism
of action do not fully apply to SLT [37]. Furthermore, the biological theory of SLT action
proposes that the laser modifies cellular activity by cytokine release, facilitating aqueous
outflow [38]. Lee et al. revealed that the matrix metalloproteinase release was pigment-
dependent and was not detected in non-pigmented cells after SLT [39]. The biological and
biochemical changes have been observed in the TM after SLT. Alvardo et al.’s in vitro study
reported a substantial increase in the number of monocytes/macrophages in the TM after
SLT, resulting in the outflow facility augmentation and conductivity of human Schlemm’s
canal endothelial cells [40].

Bradley et al. used the human anterior segment organ cultures, subjected them to
laser trabeculoplasty, and detected increased stromelysin expression provoked by elevated
IL-1 beta and TNF-alpha, which work synergistically [41], resulting in remodeling of the
juxtacanalicular extracellular matrix and restoring normal outflow facility [17].

Izzotti et al. published a study aimed at the gene expression changes induced in TM
cells by SLT using hybridization on miRNA-microarray and laser scanner analysis [42].
The study showed expression modulation of genes involved in cell motility, intercellular
connections, extracellular matrix production, protein repair, DNA repair, membrane repair,
reactive oxygen species production, glutamate toxicity, antioxidant activities, and inflam-
mation. Regulation of aqueous humor outflow from the anterior chamber was reported to
be modulated with SLT at the postgenomic molecular level without inducing damage at
molecular or phenotypic levels.

4. Indications and Preoperative Evaluation

From a pragmatic clinical standpoint, we divide therapeutic indications for SLT into
three groups.

The first group involves patients with POAG or OH without any prior glaucoma
treatment, where SLT can be used as a primary (first-line) therapy. Most studies have
compared SLT efficacy against topical medication and have found similar IOP-lowering
efficacy. The LiGHT trial showed that 74.6% of eyes treated with primary SLT achieved
drop-free disease control at the 3-year follow-up and has a comparable IOP reduction
and complication profile to MIGS with smaller anatomical changes to the angle, and can
therefore be recommended as an alternative or a first step treatment [43,44].

The second group involves patients with POAG or OH (with uncontrollable IOP and
disease progression) who are already receiving glaucoma treatment, where SLT can be used
as adjunctive therapy. Studies have shown that SLT successfully lowers IOP in (the eyes of)
patients who are on hypotensive medication, have undergone previous ALT treatment, or
have had glaucoma surgery [4,7,45,46]. SLT can also be repeated with an IOP reduction
similar to the first treatment, or be used to delay glaucoma surgery [47–49].

The third group is patients with POAG or OH on glaucoma medication with adequate
IOP control and without glaucoma progression, where SLT can be used as replacement
therapy, i.e., to lessen the burden of medications. Since drops require strict daily dosing
and have many side effects, adherence to medication is often poor. Treatment with SLT
in patients already treated with glaucoma medication can lead to better IOP. A study by
Lee et al. showed that patients treated with SLT require fewer medications to maintain
their IOP goals [50]. In a study by De Keyser et al., SLT was able to completely replace
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medical therapy in 77% of patients’ eyes after 18 months, and may severely reduce local
and systemic side-effects commonly caused by medication [51].

However, in the published literature, indications for treatment are most commonly
divided by glaucoma type. The majority of studies have focused on SLT treatment in POAG
and OH, but it is increasingly being used in other glaucoma types. When used in patients
with pseudoexfoliative glaucoma, SLT shows similar IOP reduction to POAG [38,52–55].
In pigmentary glaucoma, the results of using SLT are similar, but there seems to be an
increased rate of postoperative complications, probably due to a higher TM pigmentation
and greater energy absorption [56]. Normal-tension glaucoma has lower baseline IOP so the
IOP reduction is proportionally smaller [50,57]. SLT has also been used in primary angle-
closure glaucoma where it has shown comparable IOP reduction to POAG, but at least 180◦

of the TM has to be visible and patients have to have an open laser iridotomy [58,59]. SLT
has also shown promising results in treating steroid-induced glaucoma [60,61].

SLT is contraindicated when the TM cannot be visualized (e.g., angle closure, anterior
synechiae, corneal opacity, poor patient cooperation, etc.). Even though there is a study that
suggests that it is safe to perform SLT in patients with uveitic glaucoma, it should absolutely
be avoided in active uveitis and be reserved only for the most refractory cases [62]. Accord-
ing to mechanisms of action, SLT is not suited for neovascular and congenital glaucoma
treatment, where IOP cannot be decreased by TM outflow modification, although successful
cases have been reported in pediatric cases of POAG of different pathophysiologies, with
normal angles [63].

5. Operative Technique

To assess if the patient is an eligible candidate for SLT, a thorough glaucoma evaluation
has to be made before treatment. Special importance has to be given to gonioscopy, where
the visibility and pigmentation of the TM have to be evaluated.

Studies have mostly shown that perioperative topical medications lower the risk of
an IOP spike but there is no consensus on what the best prophylactic treatment is [64].
Most practitioners recommend using a topical alpha-adrenergic agonist (apraclonidine
or brimonidine) 15 min to 60 min before treatment; some practitioners also use miotic
drops (1% to 4% Pilocarpine). A topical anesthetic is given and a gonioscopic contact lens
is selected, preferably one without a laser spot magnification. There are plenty of lenses
made especially for SLT. A coupling gel should be used. A 400-micron spot size and 3 ns
pulse duration are standard for SLT. The aiming beam is pointed over the entire width
of the TM. The initial power is normally set at 0.8 mJ, but should be lower in heavily
pigmented meshworks (e.g., 0.4 mJ), since side effects can be more severe if a higher power
is used [56]. The power is then increased or decreased until the minimal power to form
small cavitation bubbles is acquired (threshold power), and then decreased by 0.1 mJ to
set the power used for treatment. Some practitioners prefer to treat with the threshold
power though; 25–100 adjacent (but not overlapping shots) are applied over 90◦–360◦ of
the meshwork, depending on the protocol used. It is advisable to always treat the same
quadrants or halves first (for example, the bottom half), so that if retreatment is performed,
it can be conducted on the other (previously untreated) half. Immediately after treatment,
another drop of alpha-adrenergic agonist can be given. IOP should be remeasured 30 to
60 min after treatment; if it is elevated, additional medication may be needed and a closer
follow-up planned.

Many studies and meta-analyses have compared the treatment of different degrees of
the TM. While some found a significant difference in the IOP-lowering effect between treat-
ing 180◦ and 360◦ of the TM in POAG [34,65], others did not [66–68], but one study showed
lesser diurnal IOP fluctuations when treating 360◦ [69]. Most reviews have concluded that
there is no significant difference when treating 180◦ or 360◦ [11,38,70], as confirmed by a re-
cent meta-analysis [71]. Studies have also researched different power levels, mostly finding
that a higher power leads to greater IOP reduction (but also more adverse effects) [72,73].

44



J. Clin. Med. 2022, 11, 3879

6. Postoperative Management

There is an ongoing debate regarding the best peri- and post-operative treatments,
and many studies have attempted to establish the best practices, mostly with contradicting
results. The main adverse effects are post-operative IOP elevation (IOP spike) and anterior
chamber inflammation. Depending on the practitioner and the patient (e.g., baseline IOP,
advanced glaucomatous damage), topical anti-inflammatory and IOP-lowering drops are
commonly prescribed for 4–7 days but are often not needed.

IOP spikes can occur after SLT, especially in high-risk patients and they typically
arise within 24 h. Zhang et al. [64] analyzed 22 randomized clinical trials (1 SLT and
21 ALT trials) and concluded that the use of perioperative IOP-lowering medications is
superior to no medications in preventing IOP spikes after laser trabeculoplasty, with little
to no adverse effects. Apraclonidine, brimonidine, acetazolamide, and pilocarpine are
commonly used. If SLT is used as an adjunctive treatment, existing glaucoma medication is
typically continued.

Another important factor is managing postoperative inflammation. Because of a
typical anterior chamber inflammation seen after ALT, most practitioners routinely pre-
scribe anti-inflammatories, especially steroids, and the practice continues with SLT. Treat-
ment with steroids or NSAIDs has not shown a significant decrease in postoperative
anterior chamber inflammation [74]. Since ALT and SLT have different mechanisms of
action, questions about the long-term effects of post-SLT inflammation on the IOP-lowering
effects remain.

One of the mechanisms of action in SLT is thought to be the activation of inflammatory
pathways that cause TM remodeling and better functioning of the TM, with increased
outflow and a reduction of IOP [33,36]; therefore, a possible contra-productiveness of
using anti-inflammatory medication was proposed. On the other hand, inflammation
may cause fibrosis and scarring, restricting outflow and thereby decreasing SLT efficacy, a
mechanism that anti-inflammatory medications could partially prevent. Most of the studies
found no benefits in postoperative treatments with anti-inflammatory drops, especially in
patients with lower baseline IOP [74–77]. Surprisingly, the steroid after laser trabeculoplasty
(SALT) [78] study found significantly better IOP reduction at 12 weeks in patients’ eyes
treated with steroid or NSAID drops after SLT (compared to the placebo) and, therefore,
contradicts most previous studies.

It is therefore not possible to establish a clear protocol for postoperative management.
After reviewing the available literature, our conclusion is that it should be individually
tailored to the patient (baseline IOP, glaucoma risk, previous medication, or surgery) and
the performed treatment (degree of trabecular meshwork treatment, energy used, etc.).

7. Outcomes

There are numerous studies that contribute to the topic of SLT and its outcomes.
SLT has mainly been compared to monotherapy or is used as an adjunctive treatment in
various types of glaucoma patients. Here, we concisely provide outlines of the clinically
most relevant recent studies for SLT as a first-line therapy or as a means for lowering the
dependence on drops or adjunctive therapy. In this section of our review, the participants
were mostly patients with POAG and OH, albeit SLT could be effectively used in another
OAG, such as pseudo-exfoliative or pigmentary [11].

The hype that SLT can challenge medical therapy as a first-line treatment was materi-
alized with the LiGHT trial, which compared the cost-effectiveness, efficacy, and safety of
SLT versus hypotensive medical therapy for the initial treatment of glaucoma. The authors
concluded that ‘SLT should be offered as a first-line treatment for open-angle glaucoma and
ocular hypertension’ [12]. This randomized controlled trial (RCT) was one of the largest to
date and was diligently designed around putting SLT first in a real-life glaucoma practice.
Another reason why this trial stands out is because of the definition of target IOP reduction
from baseline. Unlike the majority of studies, where >20% reduction in IOP was targeted,
a more customizable approach was taken. Target IOP was established according to each
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patient’s glaucoma severity, and the target was modifiable during the study. In cases of
glaucoma progression, despite IOP being targeted, the target IOP was further lowered,
and vice versa in cases where no progression was detected. The follow-up and adjunctive
treatment were similarly determined according to glaucoma progression. In our opinion,
this trial setting contributes to the real-world character and subsequently provides more
clinically relevant data. On the other hand, this could be considered less stringent, since
“reaching the target” did not necessarily coincide with >20% reduction in IOP as strived for
in most other studies reviewed. This might have contributed to the high success rate of the
SLT-first group. In the trial, treatment-naïve POAG and OH patients were stratified into the
medication-first group and the SLT-first group. In the SLT group, 95% of patients reached
the target IOP at 36 months of this 78.2%, with no adjunctive medication, whereas in the
medication group, 93.1% reached the target, with 64.6% requiring only prostaglandins,
which were prescribed as a first choice. The difference was perhaps most striking in the
number of trabeculectomies, where none of the 356 patients in the SLT-first group needed
surgery and 11 of 362 patients in the medication-first group needed incisional glaucoma
surgery. Furthermore, during the study period, less treatment escalations were observed in
the SLT-first group. Transient side effects, such as discomfort and hyperemia, were common
(34%); however, they were temporary in contrast to the known side effects of hypotensive
medication. This trial contributed significantly to considering SLT as a first-line glaucoma
treatment, with nearly no side effects, which translates to treatment efficiency, especially
regarding patient compliance with medical therapy. A further post hoc analysis has shown
similar results for POAG and OH patients [79], where approximately 75% of patients
reached dropless IOP control at 36 months after primary or repetitive SLT, with the majority
achieving the target after the first SLT. Regarding glaucoma progression (in terms of visual
field testing), it has been shown that patients in the SLT- first group were less likely to have
rapid visual field progression [43].

In a retrospective study by Ansari [80], with a 10-year follow-up success rate of 72%
(at 10 years), with visual field loss remaining stable, 60% required retreatment in 10 years.
Here, the success rate as the main outcome measure was defined as an >20% reduction
in IOP and IOP < 19 mmHg. In addition, no patients in the study needed trabeculectomy
at 10 years akin to results from the LiGHT trial. Albeit, the LiGHT trial has not shown
significant improvements in health-related quality of life compared to medical therapy,
we agree with Ansari, who stated that longer-term data from their study could imply
substantial improvements in quality of life, most likely regarding medication avoidance,
possible toxic effects, and costs. This matter was also studied by Ang et al. [81], where the
quality of life was no different between naïve-treated SLT or topical medication; however,
it was reported that a higher proportion of patients with eyelid erythema and conjunctival
injection were found in the medication-only group.

One recent meta-analysis by Chi et al. [71] on SLT treatment in naïve patients versus
medication with 1229 patients has reported no difference in treatments with SLT and
medication-only treatments regarding the IOP reduction. Furthermore, SLT was slightly
more effective when the medication-only group was taken as a reference, with 180-degree
SLT performing slightly better than the rest of the trabeculoplasty methods analyzed (albeit
these differences were not significant). Furthermore, Chi et al. showed that patients who
underwent SLT and needed drops ultimately required less medication than the medication-
only group. These findings are in accordance with other metanalyses we found [31,81,82].
In the meta-analysis by Zhou et al., where different modalities of laser trabeculoplasty were
studied on 2859 eyes, they found 180-degree SLT to be somewhat more effective at reducing
the number of medications needed in comparison to ALT, whereas no difference was found
between five other modalities (270-degree SLT, 360-degree SLT, new laser trabeculoplasty,
transscleral 360-degree SLT without gonioscopy, and low-energy 360-degree SLT). All
of the above have demonstrated equal effectiveness for IOP decreases in comparison to
hypotensive medications [31].
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We believe that real clinical data, collected during every-day clinical practice, adds to
the relevance of SLT, to some extent, when validating the results from trials and metanalyses.
However, in the real world, separating the effects of SLT from the effects of coexistent
hypotensive medication in patients is nearly impossible. Up until now, simultaneous use
of therapies usually occurred in the average glaucoma practice. Two of such real-world
data reports of retrospective studies on SLT have been published recently and have shown
somewhat fewer persuasive results.

Khawaja et al. published a study that was conducted in the United Kingdom (UK);
they demonstrated that 70% of eyes responded to SLT treatment at 6 months, but success
by 2 years was sustained only in 27% of cases [83]. The Kaplan–Meier survival analysis
has shown that 83% of eyes could fail at 36 months. The measures of failure could be
considered stringent by some, e.g., an inadequate reduction in IOP (>21 mmHg or <20%
reduction), an increase in the number of glaucoma medications, or a subsequent glaucoma
procedure, including repeated SLT. Efficacy of SLT was higher in cases with higher baseline
IOP (IOP > 21 mmHg) and was not altered by the severity of glaucoma or the coexistent
use of hypotensive medication. In cases of higher baseline IOP, there was a 32% lower risk
of failure compared to the (eyes of) patients with IOP ≤ 21 mmHg at baseline. It could be
extrapolated that SLT is more effective in OH or high-IOP OAG than for normal-tension
glaucoma. Mostly, patients were on prostaglandins and no association to SLT failure was
found when compared to the rest of the hypotensive medication used. Patient selection was
not as rigorous as in LiGHT and the metanalysis by Chi et al. In those publications, naïve
mild glaucoma patients with no concurrent ocular diseases were included (visual field not
worse than −12 dB in the better eye on the Humphrey field analyzer in the LiGHT trial).

The following study by Abe et al. [84] revolved around similar endpoints and reported
significantly better results regarding SLT efficiency. SLT was studied for three common
indications: uncontrolled IOP without medications, uncontrolled IOP with medications,
and controlled IOP with medications for the purpose of reducing the number of hypoten-
sive medications. Treatment failure was considered in the following cases: subsequent
procedures (including SLT), IOP > 21 mmHg or IOP reduction < 20%, and an increase in
the number of different glaucoma drops. A total of 54.7% failed according to these criteria
during the 36-month follow-up. When the Kaplan–Meier survival analysis was stratified
according to the indications listed above, SLT as a first-line treatment had 80% success at
12 months, which decreased to 46% at 36 months. The commonest scenario in the study
was SLT in patients with medically well-controlled IOP, with an intention to lower the
number of drops taken (55%). In this group, 49% had success with SLT at 36 months and
37% remained dropless for 36 months. This implies that SLT is a valid tool to reduce the
number of hypotensive medications. Denser angle pigmentation, corticosteroid treatment
following SLT, and earlier stage glaucoma were associated with lower risks of failure. The
latter reiterates the concept that SLT is a valid option as a first-line treatment, especially in
early, mild glaucoma compared to patients with advanced glaucoma.

8. Complications

SLT is considered a safe procedure and is well-tolerated by patients with low com-
plication rates, ranging from 0% to 65.7% [81,85]. Complications associated with SLT
are mostly transient and self-limiting, such as momentary mild redness, discomfort or
mild pain, anterior chamber inflammation, or an IOP spike in the first week. The LiGHT
trial reported SLT as a safe method, preserving its safety frame in the procedure’s repeti-
tion [47]. Although this study reported only self-limiting adverse effects of lasers, there are
some uncommon and severe complications, such as transient corneal thinning, endothelial
decompensation, foveal burn, and corneal haze, as reported in the literature [11,56,86].
Significant complications, such as severe uveitis, IOP spikes that are more than 15 mmHg,
etc., are contraindications for SLT repetition [87]. In this section, prevailing complications
are described and case reports of sporadic serious complications are listed.
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Iritis is a relatively common and mild complication occurring 2–3 days after SLT [56].
Damji et al. reported significantly lower incidences of the anterior chamber reaction in SLT
compared with ALT [88]. Ayala et al. compared post-laser inflammation in the anterior
chamber in patients with POAG with pseudoexfoliation (reported to be equal) [89].

Post-laser IOP elevation has been reported, ranging from 0% to 28% [38]. Latina et al.
defined the IOP spike as 5 mmHg or more while Koucheki et al. defined IOP elevation as
6 mmHg or more and reported an IOP spike to be closely connected to the pigmentation
extent of TM [7,56]. Harasymowycz et al. reported an IOP spike in their observational
study of heavily-pigmented TMs and suggested special cautiousness with pigmentary
dispersion syndrome and a heavily-pigmented TM [90].

Koktekir et al. reported severe bilateral anterior uveitis with posterior synechia,
corneal haze, and endothelial loss after unilateral SLT, which proposes an autoimmune
systemic response to be involved in the mechanism of action [91]. Systemic response in
SLT is also supported in the findings by McIlraith et al.; they reported an IOP reduction in
the untreated eye by 8% [92].

In a prospective study of 64 patients, evaluating macular thickness as measured by
optical coherence tomography, the researchers did not find any significant increase in
macular thickness after SLT [85]. However, there is one report of SLT-induced central
macular edema and one report of worsening preexisting CME after SLT [93]. Wechsler
and Wechsler reported a case of central macular edema after SLT [94]; nonetheless, it was
a patient with preexisting CME and it was likely recidivant CME after topical therapy
cessation rather than SLT-induced CME.

There were two cases of hyphema reported in the literature. The first case reported
unilateral hyphema after bilateral SLT, which resolved spontaneously [95] and the second
reported hyphema in a 77-year-old patient on topical and systemic NSAIDs [96].

In one case, choroidal effusion with narrow angles, and the other with milder pre-
viously described complications, developed after SLT, but were successfully treated and
resolved [97]. While corneal edema occurs in 0.8% of cases [98], serious corneal complica-
tions, such as corneal haze and corneal melting, were reported [99,100]. An inflammatory
cascade induced by SLT might reactivate herpes simplex infection, particularly in those
patients on concomitant topical prostaglandin analogues [86]. An increase in central corneal
thickness should also be considered in post-procedure IOP measurement [101]. There was
one case of unilateral keratitis of unknown etiology after consecutive bilateral SLT [102].
Knickelbein et al. reported four cases of post-SLT corneal edema with subsequent thinning
and a hyperopic shift, of which, two patients required contact lenses [103]. Special caution
should be considered in treating post-LASIK patients. Holz and Pirouzian reported a case
with bilateral diffuse lamellar keratitis after consecutive bilateral SLT [104].

Fortunately, severe complications are uncommon; nonetheless, they can threaten one’s
sight. Therefore, they should be recognized, treated promptly, and all measures should be
taken to avoid them [105].

9. Other Considerations: Retreatment, Predictors of Success, Cost-Effectiveness

The definition of SLT retreatment is somewhat ambiguous, because of variable proto-
cols of 180-degree and 360-degree TM treatments. A repeat 180-degree approach could be
considered a subsequent SLT in yet untreated TM. In the following studies, the 360-degree
approach was used in repeating the SLT, which might be in fact considered as retreatment.
Moreover, it was demonstrated that overlapping laser spots in a 180-degree SLT are linked
to lower efficacy as compared to 360-degree nonoverlapping SLT [106]. Multiple studies
have shown that SLT can be effectively repeated after the initial effect wears off [49,107]. In
the LiGHT trial, it was demonstrated that if SLT is repeated as needed, the Kaplan–Meier
survival estimates are better than if patients were managed with a single SLT treatment [47].
Repeating SLT in treatment naïve patients would thus yield far better IOP control in the long
run. This was, to some extent, confirmed in a comparable real-life study by Ang et al. [108],
where 45.7% of patients who maintained IOP-reduction at 24 months were treated twice.

48



J. Clin. Med. 2022, 11, 3879

Another glimpse into real-world practice can be provided by a survey study by Canadian
ophthalmologists on laser trabeculoplasty. A total of 87.1% of the participants thought
of SLT as a repeatable procedure, mostly one or two repetitions [109]. In a retrospective
study by Ansari, in the first year, 11% needed re-treatment; this increased to 40% at 5, and
58% at 10 years. Higher baseline IOP was significantly associated with an increased rate
of retreatment and shorter retreatment times [80]. It was shown that repeating SLT in a
timeframe shorter than one year after the initial treatment yielded a better success rate
than if performed later [107]. Furthermore, the duration of success seemed longer after
repeated SLT (13.1 months in comparison to 6.9 months after primary SLT) as shown by
Avery et al. [110]. The notion of the added effect of second SLT was confirmed by the post
hoc analysis of the SLT treatment arm in the LiGHT trial, where adjusted absolute IOP
reduction was greater after SLT was repeated [47].

SLT seems to be generally accepted as effective; however, some patients in the studies
performed better than others. Two recent studies [111,112] determined that pretreatment
IOP was the only predictor of success after primary SLT. Hirabayashi et al. [113] stated that
baseline IOP of >18 mmHg was significantly associated with increased success and that
the IOP-lowering effect was greatest at 2 months and 6 months of follow-up. The effect of
higher baseline IOP on success was confirmed in the real-world retrospective studies [83,84].
Khawaja et al. found that factors, such as glaucoma type or grade, TM pigmentation, or
the type of topical medication, did not seem to predict SLT success. On the other hand,
Abe et al. found such factors were associated with a lower risk for failure (denser angle
pigmentation, corticosteroid treatment following SLT, and earlier stage glaucoma). The
total energy delivered seem to have no role. The post hoc analysis of LiGHT demonstrated
only two significant correlations: absolute IOP-reduction is positively predicted by higher
IOP at baseline and slightly negatively by female gender [47]. It seems that patient selection
based on predictors of success is yet to be fully comprehended; however, it appears that at
a higher baseline, IOP could be the most significant. Recently, a retrospective study was
published, examining the possibility of predicting the SLT outcome based on responsiveness
to treatment with ripasudil drops. Ripasudil is one of the Rho-kinase inhibitors, which
has distinct intracellular effects in the areas of tissue remodeling, fibrosis, and healing. It
has a different mode of action compared to traditional medication in a way that it causes
TM and Schlemm’s canal changes, resulting in a higher uveoscleral outflow, lowering
IOP [114]. It was shown that patients who respond well to treatment with ripasudil had
significantly better SLT success ratios compared to patients who were unresponsive to
ripasudil treatment [115].

Glaucoma poses a significant economic burden, specifically due to population ageing.
Cost-effective care is a major public health concern. A recent study conducted in the USA
reported the highest eye-related costs for patients with OAG and OHT and determined
positive economic externalities from therapies that delayed disease progression [116]. SLT is
known as an effective method of lowering IOP and, thus, significantly partakes in lowering
the economic burden of OAG.

Dirani et al. studied the economic effects of POAG in Australia and concluded that the
use of laser trabeculoplasty as primary-line treatment rather than a second-line treatment
would lead to a significant decrease of healthcare system costs [117]. Lee and Hutnik
projected a 6-year cost comparison of primary SLT in therapy of OAG in Canada and found
SLT to be cost effective [118].

During the LiGHT trial, cost-effectiveness in the UK was analyzed. They used a
lifetime model, where cost-effectiveness was calculated in regard to cost per quality adjusted
life year (QALY) of the SLT-first group, compared with the medicine-first group. The
economic evaluation based on this trial determined that there is a 97% probability that SLT
is a treatment for OAG and OHT, which is cost-effective [119]. This furthermore underpins
findings that SLT as a first-line therapy is more economical when compared to hypotensive
medication as the initial glaucoma therapy.
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10. Future Perspectives and Alternatives Considered

As shown here, laser trabeculoplasty is an evolving field; using different lasers for
trabeculoplasty and groundbreaking SLT treatment modifications might yield improved
outcomes in the future.

A study by Gandolfi et al. [120] supports the concept that a 360-degree low energy SLT
(0.3 mJ, 50–60 spots) could be repeated every year independently of measured IOP. It was
shown that such patients remained medical treatment-free for 6.2 years. Based on these
data, the COAST trial was launched to look at low-energy SLT in terms of TM anatomy and
subsequent responsivity to SLT (awaiting results) [121]. If this treatment schedule proves to
deter the use of medication or incisional surgery in the long-run, this might lead to further
significant modifications in the field of treatment with SLT.

Transscleral SLT was a new modality of glaucoma laser treatment, first studied in
Israel [122]. In essence, it means applying energy at the limbus, delivering the energy
directly on the surface of the eye and not via gonioscopy lens. A standard SLT laser with
modified parameters is used here. This approach proved effective, which was further
studied in a prospective trial [123]. Laser energy delivered to the surface of the eye proved
as efficient as standard SLT delivered to the TM via a gonioscopy lens. This is currently
further studied in a multicenter prospective study [124] with an acronym GLAUrious,
which tests direct transscleral SLT, delivered ab externo in POAG. The results are yet to be
published. Transscleral SLT could potentially be useful in angle-closure glaucoma, where
TM is not readily visible; however, separate trials are needed for evaluation. Recently
automated transscleral SLT was studied. An automated image-processing algorithm targets
predetermined targets at the limbus, automatically using a video camera, delivering transs-
cleral SLT in 7 ns pulses. It proved to be easily performed, safe, and effective with up to 27%
IOP reduction at 6 months, with a significant reduction in IOP-lowering medication [123].
Low-energy SLT and transscleral SLT were also included in the meta-analysis by Zhou
et al. [31], where they were proven to be equally effective in lowering IOP when compared
to medications as other laser trabeculoplasty procedures.

Recently, two reviews on the micropulse diode laser trabeculoplasty were
published [125,126]. The reviews were conducted in a similar manner to SLT; however, a
subthreshold micropulse diode laser technique as used that split up a continuous laser
beam into on-and-off pulses to enable in-between cooling, similar to the micropulse modal-
ity of retinal micropulse laser treatment. The micropulse laser trabeculoplasty had initially
shown similar comparable results to SLT in POAG [127]. The precise treatment protocol
and laser wavelength are yet to be determined (by future prospective trials). Albeit it might
be a safer treatment modality in regard to post-procedure complications, such as IOP-spikes
or inflammation since trabecular structural change is less likely to occur [128].

Pattern scanning laser trabeculoplasty is a modality where the PASCAL laser is used,
where computer-guided short pulse durations are used in 100 µm spots, presumably
decreasing the surrounding tissue damage. In a RCT, this modality was performed in one
eye and tested against SLT in the fellow eye—no significant difference in IOP-lowering was
found at 6 months [129,130].

Titanium sapphire laser trabeculoplasty was compared to standard SLT in a RCT [131].
In this technique, near-infrared energy is used, which is believed to penetrate deeper to
Schlemm’s canal and the ciliary body. No statistically significant differences in IOP-control
or the success rate were noted, as well as no differences in the safety profiles.

11. Conclusions

More real-world studies with controls should be conducted to elucidate if the hype of
SLT is real. The actual effectiveness of SLT alone was not entirely comprehended up until
the LiGHT trial, where IOP-lowering was clearly demonstrated as at least equivalent to
medication. In such settings, where SLT is used early in naïve patients, with higher initial
IOP, it seems to be significantly more effective than when used as a later therapeutic choice.
The latter supports the move of SLT up the chain of therapy in glaucoma in the new 5th
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edition EGS guidelines. Previously, patients might have been selected for SLT later, usually
in between maximal medical therapy and surgery, at the bottom of the therapy algorithm.
This might have been perceived as one of the reasons why retrospective real-world data
were not as unequivocal in favor of SLT effectiveness in the long-run.

Currently, according to the available literature reviewed here and the EGS guidelines,
SLT can be offered to patients as an alternative, where an initial topical therapy switch
is considered or as an adjunctive therapy to the existing topical monotherapy. Be that
as it may, we see SLT as a validated evidence-based alternative to medications, given as
a first-line treatment in OAG and OH. This option will likely gain popularity amongst
ophthalmologists in the future when more real-world data become available.
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Abstract: Biomechanics of the cornea have significant influences on the non-contact measurement
of the intraocular pressure. The corneal behaviour during tonometry is a fundamental factor in
estimating its value. The aim of the study was to analyse the behaviour of the cornea during
tonometric measurement with the forced change in intraocular pressure during the water drinking test.
Ocular Response Analyser (Reichert) was used to the measurement. Besides four basic parameters
connected with intraocular pressure (IOPg, IOPcc) and biomechanics (corneal hysteresis CH and
corneal resistance factor (CRF), other parameters representing the behaviour of the cornea during a
puff of air were analysed. There were 47 eyes included in the study, including 27 eyes with a XEN
GelStent implanted and 20 without it. The eyes of people with monocular implementation were the
reference group. The values of analysed parameters were compared before and after 10, 25, 40, and
55 min after drinking the water. The intraocular pressure increased by 2.4 mmHg (p < 0.05) for eyes
with a XEN stent and 2.2 mmHg for eyes without a stent (p < 0.05) in the tenth minute after drinking
of water. This change caused a decreasing of corneal hysteresis (p < 0.05) without significant changes
in the corneal resistance factor (p > 0.05). Corneal hysteresis changed similarly in the reference group
and the group with a XEN GelStent. The analysis of additional parameters showed a difference
in the behaviour of the cornea in eyes with a XEN GelStent in comparison to the corneas of eyes
without a stent. This was particularly visible in the analysis of the cornea’s behaviour during the
second applanation, when the cornea returns to its baseline state after deformation caused by air
puff tonometry.

Keywords: XEN GelStent; corneal hysteresis; corneal resistance factor; open-angle glaucoma; intraoc-
ular pressure

1. Introduction

Assessment of eye biomechanics is crucial for the adequate understanding of corneal
behaviour in response to mechanical actions in its structure, refractive surgery-induced
tissue remodelling, or non-ablative refractive correction, as well as aspects of corneal
physiology processes. Changes in its behaviour are the basic factor in estimating its value,
especially during non-contact measurement. In 2001, David Luce showed that, from the
signal received by the non-contact tonometer, it is possible to obtain information not only
about the intraocular pressure but also about the biomechanical properties of the cornea [1].
Corneal hysteresis (CH) parameter, representing the viscoelastic nature of the cornea,
became available by using a commercial device—Ocular Response Analyzer (ORA). It was
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shown, before, that both types of the intraocular pressure measured by ORA (Goldmann-
correlated pressure IOPg and corneal-compensated pressure IOPcc) have good agreement
with GAT on normal subjects [2]. IOPcc compared to GAT suggests IOPcc shows greater
agreement with GAT than ORA IOPg [3].

Glaucoma, which is a disease defined primarily on the basis of changes in the optic
nerve disc, also affects the biomechanics of the eyeball. One of the main factors influencing
the development of glaucoma is the intraocular pressure increasing. It could cause changes
in the structure of the eyeball, e.g., loss of corneal endothelial cells. This is important
in primary angle closure glaucoma because, if a high IOP level remains elevated longer
than 72 h, an irreversible, very large, and significant loss of endothelial cells may occur
in the cornea [4]. Biomechanical parameters can be regarded as biomarkers of glaucoma
susceptibility [5]. Corneal hysteresis CH in glaucomatous eyes is lower than in the healthy
eyes, and this decrease is correlated with a reduction in the field of view [6]. However,
the relationship between the biomechanics of the cornea and the appearance of the optic
disc is still not fully known [5]. However, studies have shown that this parameter can
be used to predict the progression of primary open-angle glaucoma [7–10]. The authors
of the studies mentioned above reported that the progression of glaucoma is likely to be
influenced by the biomechanical properties of the cornea. Researchers observed that CH
measurements were significantly less in primary open-angle glaucoma and normal-tension
glaucoma compared to normal subjects. Besides CH, the device gives information about
corneal resistance factor (CRF). CRF is a measure of the overall resistance of the cornea
related to its elastic properties. CRF is not associated with CH. Despite many researchers of
this subject, there is no so clear understanding of how CRF is correlated with the occurrence
of glaucoma. Some researchers show that CRF is not influenced by glaucoma [8]. However,
there are results showing that CRF was significantly less in normal-tension glaucoma and
maximum in primary open-angle glaucoma and ocular hypertension [9]. However, it was
noted that procedures aimed at lowering the intraocular pressure, including glaucoma
drainage, trabeculectomy, and trabeculectomy combined with cataract surgery, may lead
to changes in CH and CRF parameters. Research conducted at the Ophthalmic Research
Center in Tehran in 2014 showed that the values of CH and CRF parameters increase after
successful IOP reduction and cataract removal procedures [11]. These studies analysed the
results after trabeculectomy, phaco-trabeculectomy, Ahmed glaucoma valve implantation,
and phacoemulsification. Refractive surgery procedures also affect the change in CH and
CRF parameters, but the opposite relationship is observed compared to cases of glaucoma
treatment. The values of the CH and CRF parameters decrease after these procedures [12].

One of the solutions to stop the progression of the glaucoma is the implantation of
drainage microducts as a part of minimally invasive glaucoma surgery (MIGS). Such stents
allow an additional path of the flow of aqueous fluid between the anterior chamber and the
preconjunctival space. One of the MIGS devices is XEN GelStent (Allergan, Dublin, Ireland),
which is a 6-mm long stent of collagen-derived gelatin cross-linked with glutaraldehyde.
The procedure is almost always augmented with a subconjunctival or sub-Tenon injection
of mitomycin C. The XEN GelStent received the CE mark approval in 2011 and the US
FDA approval in 2016. The stent was inserted into the eye using a 0.4 mm diameter needle
in the upper-nasal quadrant of the eyeball. The implant starts working as soon as it is
placed in the eye [13]. The previous work [14] has shown if such an implementation has an
impact on the biomechanics of the cornea. CRF and CH changed significantly in eyes with
primary open-angle glaucoma after XEN GelStent implantation (post-XEN), in comparison
to primary open-angle glaucoma control group (eyes without stent). Analysis of the basic
parameters from ORA showed that the biomechanical parameters of the anterior chamber
in the post-XEN group changed significantly during WDT (water drinking test).

The Ocular Response Analyzer is an air-puff tonometer. An impulse of air is released
towards the cornea. It bends inward and, after reaching the maximum deflection, it
returns to its initial state. During the movement both inwards and backwards, the cornea
passes through the applanation state, which is equivalent to a flattening, corresponding
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to the one prevailing in the Goldman tonometry. Corneal deformation is recorded with
an electro-optical infrared detection system, and results are presented as the applanation
curve. The shape of the signal curve is obtained from ORA, and therefore, the parameters
describing this curve may also reflect the biomechanical properties of the cornea, as well as
the parameter CH [15]. Changes in the shape of this signal indicate various pathological
deviations of the cornea, including keratoconus [16]. It was showed that the shape of this
signal is also different after refractive surgery [17].

A symmetry of eyes was observed in individual patients, e.g., an astigmatic axis, IOP,
higher-order aberrations, corneal curvature, and corneal thickness [18–21]. The symmetry
of biomechanical parameters is purely investigated. However, symmetry of CH and CRF
was proven [22,23].

The aim of the study is to investigate the influence the XEN GelStent drainage imple-
mentation on corneal biomechanical behaviour. This research is based on a comparison of
the parameters, describing the deformation of the cornea, during air-puff measurement in
the eyes with the stent in relation to the eyes without it.

2. Methods

The present study was registered in ClinicalTrials.gov with the number NCT03904381
and conducted at the Department of Ophthalmology, Wroclaw Medical University. Clinical
data base were collected between April and May 2018. The screening phase lasts between
June 2018 and August and measurements between September and December 2018. All
patients were informed about the aim, benefits, and risks of all procedures of the study
before screening phase. The study was performed in adherence to the Declaration of
Helsinki and was approved by the local Ethics Committee (approval number: KB 563/2017).

2.1. Measurement Group

The study included 39 patients in the screening phase after XEN GelStent implantation.
The 27 patients were observed in 12 months of follow-up period. Finally, 18 patients were
enrolled in the research. All subjects had a XEN GelStent implant in one eye (XEN group).
The other eyes without a stent were considered as a reference POAG group (Control Group).
The mean age of patients was 69 ± 12 years (range: 34–81 years).

Patients with POAG after at least 3 months of post-XEN GelStent implantation were
prospectively enrolled in the study between September and December 2018, and details
concerning glaucoma stage, medication status, and further information are summarised
in Supplementary Files–Table S1. Technical details of implantation and the perioperative
period have been described previously [24]. Patients with a reduction in IOP, compared to
the pre-XEN implantation measurements of at least ≥20% baseline IOP and ≤21 mmHg,
as well as at least 3 months post last 5-FU injection, were included to the research. With
any progression (according to the EGS guidelines) within the last 3 months, any change
in medication within the last month, and any systemic medication within the last 3 or
more months, 5-FU injections were used as exclusion criteria. A reference group consists of
POAG patients with at least 3 months on stable local anti-glaucoma medications without
significant side effects and a reduction in IOP compared to the pre-medication measure-
ments of at least ≥20% baseline IOP and ≤21 mmHg. Any progression (according to the
EGS guidelines) within the last 3 months, or any procedures using lasers, were criteria for
excluding eyes from the research. High axial refractive errors, due to elongation of the
globe (AXL > 26 mm), also excluded patients of both groups from the research. None of
the included subjects took any systemic antiglaucomatous medication at least 3 months
previously. Only three eyes (16%) in the XEN group required topical anti-glaucoma med-
ications to control IOP (one patient was taking β-blocker, and two patients were taking
prostaglandins eye drops). All participants underwent complete ophthalmological exam-
ination before participation to determine their refractive and health status. The detailed
procedure was described previously [14].
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2.2. Ocular Response Analyzer and Measurement Procedure

The biomechanical data were measured using ORA (Reichert Ophthalmic Instruments,
Inc., Buffalo, NY, USA; Software version 3.0). Basically, ORA generates two separate pa-
rameters related to the intraocular pressure: Goldmann-correlated pressure (IOPg) and
corneal-compensated pressure (IOPcc). In addition, using a bidirectional applanation mea-
surement, ORA allows the determination of two parameters describing the biomechanical
properties of the cornea: Corneal Hysteresis (CH) and Corneal Resistance Factor (CRF).
The quality of measurement is described by the waveform score (WS) on a scale from 0 to
10, which indicates the reliability of each measurement. The deformation of the cornea is
recorded with an electro-optical infrared detection system that records the intensity of light
reflected from the surface of the cornea as it is deflected. There are 400 points of the light
deflection that are recorded during a 25 ms period, and they form the applanation curve
(black line). An exemplary applanation curve is presented in Figure 1. The applanation
curve is characterized by the two characteristic peaks, which correspond to the moments of
corneal flattening, when the pressure on both sides of the cornea is equalized. Addition-
ally the air-pressure curve, representing pressure of the air flow emitted by the device, is
recorded (Figure 1, grey line). Based on these two curves, the pressure during applanation
states is determined. The pressure P1 is recorded for the first applanation, occurring as the
cornea moves inward with an increasing air pulse, while P2 is the pressure corresponding
to the second applanation when the cornea returns to its initial curvature while decreasing
the stream of the air. Therefore, for corneas after intervention to its structure, the mechan-
ical response and the entire applanation curve may be very irregular. In this case, the
applanation peaks could be lower, wider, or otherwise irregular.
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Figure 1. The applanation curve recorded by ORA (control group, before WDT, patient 11). 
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Figure 1. The applanation curve recorded by ORA (control group, before WDT, patient 11).

The ORA additionally determines 37 parameters describing the shape of the applana-
tion curve representing the change of the curvature of the cornea during the measurement.
They represent properties of corneal behaviour separately in two applanation areas, includ-
ing the area under the curve (p1area, p2area), upward slope (uslope1, uslope2), downward
slope (dslope1, dslope2), peak width (w1, w2), peak height (h1, h2)), length of the curve
around the peaks (path1, path2), smoothness of the peaks (aindex, bindex), noise (aplhf),
and six additional parameters (dive1, dive2, mslew1, mselw2, slew1, and slew2). A detailed
description of the parameters is presented in the Supplementary Files–Table S2.
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Additionally, the amplitudes (A1 and A2) and the times (t1 and t2) of both applanation
occurrences were calculated from raw data taken from the device (Figure 1). Firstly, the
applanation curve was smoothed with Gaussian estimation and with the window size 11.
Smoothing was supposed to minimize sharpness of the raw data curves (Figure 1, red line).
Moreover, the difference between applanation times (∆t) was calculated.

The water drinking test was used to obtain different levels of the intraocular pressure.
The patient drank an amount of the water proportional to his weight, with the proportion
10 mL/kg, for 10 min. The values of parameters measured by the ORA were recorded
before (reference result) and 10, 25, 40, and 55 min after stopping drinking the water. The
biomechanical properties were measured, fourfold, with a waveform score higher than 5,
and mean values were recorded for further analysis. All recordings were conducted on
the same equipment by the same dedicated examiner. After the conduction of WDT, each
patient was observed for a year, and control visits were conducted as described in the study
protocol (NCT03904381).

2.3. Statistical Analysis

Statistical analyses were conducted using Statistica Software version 13.3 (TIBCO
Statistica 1984–2017 TIBCO Software Inc., Palo Alto, CA, USA)) licensed by Wroclaw
University of Science and Technology. The results of measurements of 4 basic parameters
(IOPg, IOPcc, CH, and CRF), 37 additional parameters describing the deformation of
curves signals of eyes, and 5 parameters defined in this work, in the eyes after stent
implantation in relation to eyes without an implant, were compared. The Shapiro–Wilk test
was used to check the normality of the sample distribution. Repeated measures analysis of
variance (ANOVA and Friedmann), with the Bonferroni or Dunn adjustment for multiple
comparisons, was used to determine the influence of the within-subjects factor water
unload. The nonparametric Wilcoxon rank-sum or paired t-test were used to evaluate the
distribution of variables between the two groups (subject groups: post-XEN and control).
Results were considered statistically significant with a p < 0.05.

3. Results

The study included the post-XEN group with 18 eyes and 18 non-implanted eyes
(control group). The group had a similar female/male ratio (p > 0.05). No differences in
the baseline GAT, central corneal radius CCT, ACD, AXL, BCVA, MD, PSD, RNFLT, body
weight, BMI, ECC, and hexagonity of endothelial cells were recorded (Table 1).

Table 1. Demographic data.

Control Group XEN GelStent

Mean ± SD Range Mean ± SD Range

GAT [mm Hg] 15.9 ± 3.1 10–22 14.4 ± 3.0 9–19

CCT [µm] 534 ± 45 436–592 531 ± 39 457–589

ACD [mm] 3.05 ± 0.80 1.88–4.28 3.13 ± 0.87 1.82–4.20

AXL [mm] 23.54 ± 1.12 23.43–26.47 23.41 ± 0.83 21.67 ± 24.88
GAT–intraocular pressure (Goldmann tonometry), CCT–central corneal thickness, ACD–anterior chamber depth,
AXL–eyeball axial length.

3.1. Intraocular Pressure during the WDT

According to the pre-specified criteria, WDT was positive. Results of the intraocular
pressure are presented in Table 2. Before the water drinking test, the intraocular pressure of
the eyes with XEN GelStent implants was lower by 2 mmHg, on average, than in the eyes in
the control group. This trend continued at a similar level. However, these differences were
not statistically significant. It is worth noting that values of IOPcc (corneal compensated
pressure) were higher than IOPg (Goldmann-correlated pressure). It could be caused
by thinner central corneal thickness, of the considered group (CCT about 530 µm), than
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average for healthy eyes. Independently of the group, the highest increase in intraocular
pressure was observed 10 min after drinking of water. The increase after 10 min and 25 min
was statistically significant (p < 0.05 post-hoc analysis). After this time, the IOP returned to
the pre-test level in the group of eyes with the stent. This stabilisation was also observed in
the control group, but it followed slower than in the XEN GelStent group.

Table 2. The WDT results on the intraocular pressure (IOPcc—corneal-compensated intraocular
pressure, IOPg—Goldmann-correlated intraocular pressure) in the control and XEN GelStent groups.

IOPg [mmHg] IOPcc [mmHg]

Control XEN
GelStent p-Value Control XEN

GelStent p-Value

Before 14.7 ± 4.4 12.8 ± 4.7 0.13 I 16.5 ± 3.9 14.6 ± 4.0 0.21 II

10 min 17.2 ± 3.7 14.9 ± 4.7 0.08 I 19.1 ± 3.6 16.8 ± 4.3 0.13 I

25 min 17.1 ± 3.1 14.8 ± 4.3 0.10 II 19.1 ± 3.1 16.8 ± 4.3 0.09 I

40 min 16.9 ± 4.3 13.9 ± 4.1 0.06 I 19.2 ± 3.8 15.9 ± 3.9 0.05 I

55 min 16.9 ± 5.5 13.9 ± 4.4 0.08 II 18.9 ± 5.4 16.0 ± 4.1 0.12 II

p-value <0.005 IV <0.001 III <0.05 IV <0.001 III

I-t-test, II-Wilcoxon test, III-ANOVA test, IV-Friedman test.

3.2. The Biomechanical Parameters during the WDT

During the analysis of the biomechanical parameters, it was observed that CH in the
control group changed significantly during WDT (p < 0.05), but there were not changes
in CRF (p = 0.17). The biomechanical parameters of the anterior chamber in the XEN
GelStent presented no statistical changes in WDT (p = 0.17 and p = 0.41, for CH and CRF,
respectively). In the XEN GelStent, there were no statistically significant changes for CH,
but the variation for CH were observed during the measurement. The corneal hysteresis
decreased, both in CG and XEN GelStent groups, during particular parts of measurement,
while CRF shows a similar trend to the intraocular pressure, i.e., it increased after 10 min
and then decreased. Detailed results are presented in Table 3. There was not a difference
between groups on each level of the measurement during the water drinking test.

Table 3. The corneal hysteresis (CH) and corneal resistance factor (CRF) during the water drinking
test (WDT) in the control and XEN GelStent groups.

CH [mmHg] CRF [mmHg]

Control XEN
GelStent p-Value Control XEN

GelStent p-Value

Before 9.2 ± 1.7 9.6 ± 1.7 0.27 I 9.2 ± 2.2 8.9 ± 2.3 0.35 I

10 min 8.9 ± 1.9 9.1 ± 1.8 0.52 I 9.6 ± 2.0 9.1 ± 2.1 0.06 I

25 min 8.8 ± 1.5 9.1 ± 1.6 0.31 I 9.5 ± 1.6 9.1 ± 1.7 0.11 I

40 min 8.6 ± 1.7 9.2 ± 1.7 0.10 I 9.3 ± 2.1 8.9 ± 1.9 0.21 I

55 min 8.8 ± 1.8 9.1 ± 1.5 0.31 I 9.5 ± 2.1 8.9 ± 1.8 0.11 I

p-value <0.05 III 0.17 III 0.17 III 0.41 III

I-t-test, III-ANOVA test.

3.3. Analysis of the Applanation Curve Parameters

Different behaviour of the cornea was observed in eyes with the XEN GelStent implant,
in comparison to non-implanted eyes, the during the water drinking test. Exemplary
applanation curves, for one patient during the water drinking test, are presented in the
Figure 2. Among individuals, 50% had higher peaks in the first applanation (A1) in XEN
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GelStent eyes, and 38% had peaks in the second applanation (A2). Among individuals, 45%
had symmetrical behaviour in both eyes, which means there was a decrease or an increase
in the peak height in both eyes simultaneously. A decrease in the maximum value, related
to the first applanation, was observed in 62% of both the control and XEN GelStent eyes,
but it did not occur in the same pair of eyes. During the second applanation, the lower
maximum was observed in 80% of the control eyes and 38% of the XEN GelStent eyes.
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The further analysis was divided into two parts related to the first and the second
applanation. All results are present in Supplementary Files–Table S3, respectively. The
only parameter that is not directly related to both applanations is aplhf, representing noise
between applanations. Similarly, parameters aindex and bindex, which are correlated with
the quality of the curves (during the first and the second applanation, respectively), are
not susceptible to WDT. The analysis showed that changes caused by drinking water did
not change the value of this parameter (Friedmann test, p > 0.05). Most of the analysed
parameters were lower on each step of the measurement during the water drinking test.
Some of them returned to the pre-WDT level after 55 min. In fact, only the width of the
peaks (w1, w2, w21) behaved similarly to the tendency of the intraocular pressure or CRF.
It means that there was an increase in the first 10 min after water drinking, and then, it
declines, and this change was statistically significant for the control group only (p < 0.05).

Only a few of the analysed parameters did not change during WDT in both groups.
During the first applanation, no change was observed for absolute value of path length
around the peak (path1, path11) and the maximum single step increase in the rise of the
peak (mslew1). During the second applanation, there were the parameters describing the
area of the peak (p2area and p2area1).

Despite the lack of statistically significant differences in all analysed parameters for
considered groups, some trends were observed in the parameters’ values. Regardless of
the applanation type, higher peaks (h1, h11, h2, h21) were obtained in the control eyes
group in comparison of XEN GelStent group. There were also thicker peaks during the
first (w1, w11) and wider peaks during the second (w2, w21) applanation. Analysis of
slopes showed slightly lower values of the parameters describing the first applanation
(uslope1, uslope11, dslope1, dslope11) in XEN GelStent group than in the control group, but
it showed higher values describing the second peak (uslope2, uslope21, dslope2, dslope21).
A similar tendency had the aspect ratio of the peak, calculated as dividing height by width
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of the peak. The aspect ratio of peak 1 (aspect 1 and aspect 11) was higher for the control
group, but for peak 2 (aspect 2 and aspect 21), it was higher for the XEN GelStent group.
All these changes were small and statistically insignificant.

3.4. Analysis of Parameters from Raw Data of Applanation Curve

The analysis of the maximum value of two peaks calculated from raw data is similar
to previously presented h1, h11, h2, and h21 because their determination is of a similar
nature (Table 4).

Table 4. Amplitudes of the first and second applanation (respectively A1 and A2) during the water
drinking test (WDT) in the control and XEN GelStent groups.

A1 [–] A2 [–]

Control XEN
GelStent p-Value Control XEN

GelStent p-Value

Before 570 ± 140 540 ± 170 0.56 I 430 ± 90 410 ± 100 0.52 I

10 min 530 ± 150 530 ± 120 0.83 I 420 ± 110 420 ± 80 0.99 I

25 min 510 ± 170 480 ± 160 0.48 I 380 ± 100 380 ± 100 0.99 I

40 min 430 ± 150 450 ± 140 0.66 I 380 ± 120 340 ± 100 <0.05 I

55 min 430 ± 140 440 ± 160 0.70 II 360 ± 110 360 ± 110 0.76 II

p-value <0.001 III <0.05 IV <0.005 IV <0.001 III

I-t-test, II-Wilcoxon test, III-ANOVA test, IV-Friedman test.

The times of applanation occurrence differentiate for the control and XEN GelStent
groups, especially when considering the interspace between applanations (∆t). The eyes
with implants reacted faster to the air-puff stream than the control eyes, on particular stages
of the measurement, but simultaneously when the second applanation is delayed. P-values
are on the margin of the statistical significance for comparison of parameters t1 and ∆t
between two groups of eyes (Table 5).

Table 5. The time of the first and second applanation (respectively t1 and t2) along with the in-
terspace between applanations (∆t) during the water drinking test (WDT) in the control and XEN
GelStent groups.

t1 [ms] t2 [ms] ∆t [ms]

Control XEN
GelStent p-Value Control XEN

GelStent p-Value Control XEN
GelStent p-Value

Before 6.65 ± 0.5 6.43 ± 0.57 0.10 I 15.55 ± 0.17 15.62 ± 0.22 <0.05 I 8.90 ± 0.45 9.19 ± 0.56 <0.05 I

10 min 6.90 ± 0.39 6.65 ± 0.51 0.05 I 15.55 ± 0.17 15.59 ± 0.19 0.29 I 8.64 ± 0.34 8.94 ± 0.5 0.06 I

25 min 6.9 ± 0.4 6.6 ± 0.48 <0.05 I 15.52 ± 0.17 15.58 ± 0.19 0.26 I 8.62 ± 0.39 8.97 ± 0.5 <0.05 I

40 min 6.87 ± 0.51 6.58 ± 0.45 0.07 I 15.47 ± 0.21 15.52 ± 0.21 0.38 I 8.61 ± 0.56 8.94 ± 0.47 0.10 I

55 min 6.86 ± 0.5 6.52 ± 0.52 0.05 I 15.52 ± 0.22 15.54 ± 0.22 0.67 I 8.66 ± 0.59 9.02 ± 0.5 0.10 I

p-value <0.005 II <0.005 II 0.13 II 0.05 II <0.05 II <0.005 II

I-t-test, II-ANOVA test.

The influence of WDT is observed in the analysis of the first applanation time. The
time of the second applanation did not change significantly during WDT.

4. Conclusions

Biomechanics of the cornea are important in many diagnostic procedures. It was inter-
esting to check whether the placement of the implant disturbs such corneal biomechanics
of the eye and could influence the results of the intraocular pressure measurements. The
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analysis was performed based on the deflection cornea during the air-puff tonometry. The
ORA, one of the most commonly used tonometers, has become a popular clinical device
for evaluating biomechanical properties. CH and CRF are parameters that are important
factors in understanding the biomechanical state of the cornea and the clinical diagnosis of
eye diseases. ORA gives the possibility to analyse additional parameters, describing the
shape of the applanation curve and being a representation of the corneal deflection, during
the air-puff measurement.

The analysis is based on evaluating the behaviour of the cornea while implementing
a water drinking test (WTD), with the aim being to check the influence of an increasing
pressure on the biomechanical properties. The water drinking test was performed in
two groups of eyes. One group included eyes with the XEN GelStent implant, and the
control group consisted of the second eyes of the same patients (POAG eyes, usually with
pharmacological treatment). Before WDT, there was a difference observed in the initial
intraocular pressure. Higher values of IOP were observed in the control group of eyes. This
means that the implant is working properly. The pressure increased 10 min after drinking
water, by more than 2 mmHg, in both groups. A higher or lower increase in IOP depends,
mainly, on the efficiency of the choroidal scleral outflow tract. Pressure returned to the
pre-water level faster in eyes with the stent. It was especially seen in corneal compensated
IOP (IOPcc). In earlier work [6,11,25], authors reported that CH parameters increase after
IOP reduction. In this research, this increase is not statistically significant for comparison of
the control and adequate XEN GelStent eyes. However, CH decreases after water drinking,
and this change was statistically significant in the control eyes (p < 0.05). Subsequently, this
value remained at a similar level. The lack of noticeable changes, compared to values before
WDT, may be due to corneal hydration. In the XEN GelStent group, CRF was lower than in
the control group, but this difference was not significant. The value of the CRF parameter
did not change as a consequence of drinking water, so it can be established that the corneal
resistance is a parameter that is more stable and can describe the biomechanics of the cornea
more precisely. Observed higher CRF and lower CH, in 10 min after water drinking, could
be indicative of a “protective effect” associated with a greater central corneal thickness in
higher pressure eyes, where more force was required to induce applanation. Therefore, one
would expect an overestimation of the IOP in a cornea with a higher CRF [9]. Sharifipour
et al., also observed that CH and CRF changed significantly after WDT in medically or
surgically (trabeculectomy) controlled glaucoma in comparison to normal individuals [26].
In this research, while CH changes after WDT were not significantly different among the
groups, CRF changes in the medical group were significantly higher than the control group.

Basic parameters from Ocular Response Analyser are calculated from pressures ob-
tained during two applanation states when the cornea deflects inwards (P1) and towards
(P2). The calculated pressure depends on the time of the applanation. Our research was
showing that the first applanation (t1) was observed about 0.2–0.3 ms later, for the control,
in comparison with the XEN GelStent group. It was expected since the cornea in eyes
with higher intraocular pressure are more resistant to deflection. It also takes longer for
the cornea in XEN GelStent eyes to return to its original shape. The second applanation
(t2) was achieved slightly later for XEN GelStent eyes, but this delay was not statistically
significant. The time of the second applanation (t2) did not change significantly during
WDT in contrast to the time t1. Based on this, it can be concluded that the second peak of
the applanation curve may better reflect the corneal biomechanics, and the first peak is
more related to the intraocular pressure. The most important observation is related to ∆t
before drinking water and shortly after there were statistically significant differences in the
intervals between the applanations. After 25 min, these intervals did not differ significantly.
This time was longer for the eyes with the implant.

Changes in the shape of the curves describing the intensity of light reflected from the
cornea were also observed, but these differences were not statistically significant between
both eyes. An analysis showed that both peaks for control eyes were higher than for
XEN GelStent group, wherein the first peak was narrower, and the second peak was
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wider for XEN GelStent eyes. It means that the applanation area was wider for control
eyes. The parameters describing the slope of the peaks, representing the rate of achieving
applanation, showed that, in the XEN GelStent group, the first applanation was slower
than in the control group. However, in the case of the second application, it was the other
way around, and for the eyes with XEN GelStent, these speeds were higher. It could mean
a slight stiffening of the cornea in eyes with the implant, or it may be caused by a change in
the biomechanical properties, such as viscoelasticity of the cornea, by the stent implantation
procedure. This conclusion is controversial in literature, although recent research showed
that this procedure did not have to have a direct effect on the corneal endothelial cells and,
thus, on its structure [27].

Most analysed parameters were sensitive to the influence of WDT in both groups.
Almost all value parameters decreased in relation to the level before the drinking test.
It can be effected by corneal hydration and the water absorption by the cornea near the
limbus. This is due to the different packing density of the corneal stroma. The lamellas are
arranged more densely in the anterior and middle parts of the stroma than in the posterior
one. In addition, they are also more hydrated in the central part, as a result of which the
back part of the stroma can swell easily due to the less frequent packing of these fibres [28].
Moreover, the observation of viscoelastic behaviour in the intact human cornea may be
explained by the influence of corneal hydration on the stress distribution between corneal
lamellae. In the swollen cornea, only the anterior corneal lamellae are able to take up
tension, whereas the posterior lamellae will be slack. Clinically, this can be observed as
folds in Descement’s membrane. During the pressure-induced reduction in corneal volume,
the posterior lamellae elongate and take up some of the corneal stress, and the stress on the
anterior lamellae will decrease. Eliasson and Maurice [29], after studying the displacement
of the cornea surfaces induced by corneal thinning, concluded that stress distribution across
the corneal stroma is even in the normo-hydrated human cornea in vivo [30].

The statistical significance of CH and CRF parameters in glaucoma diagnosis have been
reported previously [10,31–33]. However, most studies presented the comparison of ORA
parameters between the healthy and glaucomatous eyes. Little work has been conducted on
the postoperative diagnosis and raw data of ORA results [14,34]. The findings of the present
study indicate that the analysis of ORA parameters could be utilized in postoperative and
treated glaucoma diagnostics [14,35].
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14. Przeździecka-Dołyk, J.; Wałek, E.; Jóźwik, A.; Helemejko, I.; Asejczyk-Widlicka, M.; Misiuk-Hojło, M. Short-Time Changes of
Intraocular Pressure and Biomechanics of the Anterior Segment of the Eye during Water Drinking Test in Patients with XEN
GelStent. J. Clin. Med. 2022, 11, 175. [CrossRef] [PubMed]

15. Aoki, S.; Murata, H.; Matsuura, M.; Fujino, Y.; Nakakura, S.; Nakao, Y.; Kiuchi, Y.; Asaoka, R. The Relationship between the
Waveform Parameters from the Ocular Response Analyzer and the Progression of Glaucoma. Ophthalmol. Glaucoma 2018,
125, 1839–1841. [CrossRef] [PubMed]

16. Luz, A.; Lopes, B.; Hallahan, K.M. Discriminant Value of Custom Ocular Response Analyzer Waveform Derivatives in Forme
Fruste Keratoconus. Am. J. Ophthalmol. 2016, 164, 14–21. [CrossRef] [PubMed]

17. Landoulsi, H.; Saad, A.; Haddad, N.N.; Guilbert, E.; Gatinel, D. Repeatability of Ocular Response Analyzer Waveform Parameters
in Normal Eyes and Eyes After Refractive Surgery. J. Refract. Surg. 2013, 29, 709–714. [CrossRef]

18. McKendrick, A.M.; Brennan, N.A. The axis of astigmatism in right and left eye pairs. Optom. Vis. Sci. 1997, 74, 668–675. [CrossRef]
19. Realini, T.; Vickers, W.R. Symmetry of fellow-eye intraocular pressure responses to topical glaucoma medications. Ophthalmology

2005, 112, 599–602. [CrossRef]
20. Harris, W.F. Technical note: Accounting for anatomical symmetry in the first-order optical character of left and right eyes.

Ophthalmic Physiol. Opt. 2007, 27, 412–415. [CrossRef]
21. Myrowitz, E.H.; Kouzis, A.C.; O’Brien, T.P. High interocular corneal symmetry in average simulated keratometry, central corneal

thickness, and posterior elevation. Optom. Vis. Sci. 2005, 82, 428–431. [CrossRef]
22. Montard, R.; Kopito, R.; Touzeau, O.; Allouch, C.; Letaief, I.; Borderie, V.; Laroche, L. Ocular response analyzer: Feasibility study

and correlation with normal eyes. J. Fr. Ophtalmol. 2007, 30, 978–984. [CrossRef]
23. Shen, M.; Wang, J.; Qu, J.; Xu, S.; Wang, X.; Fang, H.; Lu, F. Diurnal variation of ocular hysteresis, corneal thickness, and

intraocular pressure. Optom. Vis. Sci. 2008, 85, 1185–1192. [CrossRef]
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Abstract: It is known that as people age their tissues become less compliant and the ocular structures
are no different. Corneal Hysteresis (CH) is a surrogate marker for ocular compliance. Low hysteresis
values are associated with optic nerve damage and visual field loss, the structural and functional
components of glaucomatous optic neuropathy. Presently, a range of parameters are measured to
monitor and stratify glaucoma, including intraocular pressure (IOP), central corneal thickness (CCT),
optical coherence tomography (OCT) scans of the retinal nerve fibre layer (RNFL) and the ganglion
cell layer (GCL), and subjective measurement such as visual fields. The purpose of this review is to
summarise the current evidence that CH values area risk factor for the development of glaucoma
and are a marker for its progression. The authors will explain what precisely CH is, how it can be
measured, and the influence that medication and surgery can have on its value. CH is likely to play
an integral role in glaucoma care and could potentially be incorporated synergistically with IOP,
CCT, and visual field testing to establish risk stratification modelling and progression algorithms in
glaucoma management in the future.

Keywords: corneal hysteresis; corneal thickness; glaucoma; progression; risk stratification

1. Introduction

The field of glaucoma is an ever-expanding one. Its intricacies and subtleties have
been slowly evolving. The relationship between glaucoma and intraocular pressure (IOP)
was the first association to be made but, subsequently, new and significant correlations
have been discovered. The invention of the ophthalmoscope by von Helmholtz in the
1850s [1] made it possible for clinicians to document and classify optic disc appearance
and correlate it to glaucoma. The advent of accurate tonometers [2] and reproducible
perimetric testing [3], allowed ophthalmologists to assess the risk factors for disks and
monitor disease progression. Interventions were then introduced to lower and stabilise
IOP, with the introduction of surgical procedures such as the iridectomy performed by von
Grafe in 1856 [4] and the use of pilocarpine in the late 1870s [5].

Glaucoma care has advanced alongside modern medicine over the past 170 years.
Innovations in medications [6], the acceptance of minimally invasive glaucoma surgery
(MIGS) [7], and advances in screening [8] and monitoring of the disease in terms of visual
field testing and OCT scans of the RNFL and GCL, have made glaucoma a different
disorder than it once was; one that is no longer “the silent thief of sight” but one that can
be controlled, and the devastating visual impacts associated with it can be prevented.

Monitoring the progression and risk stratification are essential tools in glaucoma
management. Additional objective markers to distinguish those with a higher probability
of progression have eluded researchers and clinicians for some time but are an integral and
essential part of glaucoma management. Corneal Hysteresis (CH) is a relatively new and
exciting concept that could help identify those at risk of glaucoma and those who are likely
to progress, and it is a property that can change with alterations in IOP. This review will
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explain what CH is, how it is measured, its relevance and correlation to different types of
glaucoma, its significance to the progression of the disease, and the effects of changes in
IOP by various methods on CH values. In this paper, we propose that it is time now to
rewrite the textbooks about the value of measuring CH routinely in clinical practice.

2. Glaucoma

The term “glaucoma” is used to describe a group of optic neuropathies that are
associated with progressive damage to retinal ganglion cells, and it is the second leading
cause of permanent blindness in developed countries [9]. The insidious and irreversible
nature of the disease makes early detection and screening paramount to avoid or halt the
devastating functional, social, and economic impacts associated with it [10]. Glaucoma is
more common in older age [11]. As the world’s older populations grow at an unprecedented
rate, so too will the burden of ocular disease, with the number of people diagnosed with
glaucoma expected to double from 76 million in 2020 to almost 120 million in 2040 [12].

3. Glaucoma and IOP

Elevated IOP is a significant risk factor for the development and progression of glau-
coma [13]. IOP is currently the only modifiable parameter that clinicians adapt to control or
stop glaucomatous damage [14]. The correlation between raised IOP and glaucoma is not
a new one. The Ancient Greeks recognised that acute blindness could be associated with
an unreactive pupil and increased tension in the eye [15]. However, it was not until the
mid-19th century when von Graefe developed the first tonometer to accurately measure
intraocular pressure (IOP) [16], and the hypothesis arose that lowering IOP could prevent or
slow down the rate of glaucomatous progression. The advent of the Goldmann applanation
tonometer [17] (based on the Imbert–Fick principles) in the 1950s allowed accurate IOP
measurements to come into mainstream use and permitted the clinician to make treatment
decisions based on IOP values.

4. Glaucoma and Central Corneal Thickness

Objective measurements that influence glaucomatous optic neuropathy are extremely
important surrogate measurements of disease. Visual field assessment is a subjective
measurement of disease severity and is highly dependent on the user and can sometimes
be difficult for the patient to perform, which can lead to an adverse number of false
positives and negatives and a lack of reproducibility [18]. Published in 2002, The Ocular
Hypertension Treatment Study [19] (OHTS) revealed the baseline factors that predicted
the development of primary open-angle glaucoma (POAG) from ocular hypertension
(OHT), the most significant being central corneal thickness (CCT). It was postulated that
having a thicker cornea was protective against glaucomatous optic neuropathy. This
finding lead to a risk stratification algorithm for patients with high IOP and no signs of
optic nerve damage. These results were echoed in the European Glaucoma Prevention
Study (EGPS) [20]. Subsequent work from the ocular hypertension treatment study group
elucidated that for every 40 µm of corneal thinning, a twofold increase in the risk of
developing GON was seen over a five-year period [21]. The underlying aetiology of this
finding is still uncertain, and it is ambiguous whether it is secondary to its influence on IOP
measurement, whether it is related to an intrinsic corneal characteristic and hence ocular
tissue property, or a combination of both [22].

5. Age and Ocular Stiffness

Advancing age is a major risk factor for glaucoma progression [23]. Historically, the
presumed mechanism of action was IOP, which resulted in mechanical stress on the optic
nerve leading to ganglion cell death. Characteristic visual field loss and a cupped optic
nerve head are hallmark signs of glaucomatous optic neuropathy (GON). The increase in
IOP was mainly believed to be secondary to the outflow obstruction [24]. This mechanism
has since been brought into question. There is a growing body of evidence that supports
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a decrease in the compliance of ocular structures and an increase in stiffness [25]. The
structures affected include the trabecular meshwork (TM) and Schlemm’s canal [26], the
peripapillary sclera, and the lamina cribosa [27]. The mechanism underlying this stiffening
includes extracellular matrix remodelling and fibrosis, initiated by the cytokine transform-
ing growth factor-beta and oxidative stress [28]. The decrease in compliance of the ocular
tissues leads to (1) outflow resistance in the TM due to a decrease in height, an increase in
thickness [29], and (2) increased optic nerve stress due to increased rigidity in the lamina
cribosa and peripapillary sclera [30]. A method to accurately measure the rigidity of these
structures has been a challenge; however, a useful surrogate marker has come to the fore in
recent times.

6. Hysteresis and the Cornea

Hysteresis is scientifically defined as a lag between the input and output in a system
upon a change of direction [31]. It is dependent on the state of the system and its history [32].
It can reflect the intrinsic property of a material, and in biological materials, it can indicate
its biomechanical qualities. The cornea can be characterised by its inherent behaviour. It
has viscoelastic properties [33] and this can be reflected in the measurement of an applied
force on the cornea, and its subsequent action and reaction to the said force [34]. As
ophthalmologists, we are very familiar with viscoelastic materials as we routinely utilise
them intraoperatively to maintain space and protect intraocular structures [35]. As the
name suggests, a viscoelastic material is one that displays both viscous and elastic traits and
is able to incorporate mechanical stress and disperse it sufficiently [36]. This dispersion is
akin to a biological shock absorber and does not transmit force or allow it to accumulate in
one specific area. It is, therefore, believed that the greater the value of this shock absorption
or hysteresis, the greater the intrinsic ability of the ocular structures to deal with applied
force or stress and, therefore, the lower the likelihood of nerve damage due to increased
strain on the optic nerve head in the area of the lamina cribosa. Numerous studies have
demonstrated that eyes with lower hysteresis values had faster rates of visual field loss than
those with higher hysteresis values [37–39]. Corneal hysteresis may be a surrogate marker
for hysteresis values elsewhere, specifically in the peripapillary sclera and the trabecular
meshwork.

7. Corneal Hysteresis Measurement

Currently, there are two devices on the market used to measure corneal hysteresis.
The first is known as the ocular response analyser (ORA; Reichert Inc., Depew, NY, USA).
The ORA uses a quick jet of air to indent the cornea and an electro-optical system is used to
measure the applanation pressure, once when the cornea is displaced inward, and again
when it is displaced outward. The cornea has viscoelastic properties (as mentioned above)
and therefore it resists inward movement caused by the air pulse and reverts to its primary
position due to its elastic nature. There is a delay between these applanation events. The
first inward applanation pressure is termed P1 and the second, or outward pressure event,
is classified as P2. The Goldmann-correlated IOP (IOPg) is the average of these two values.
The difference between P1 and P2 is known as the corneal hysteresis (CH) value [40]. Two
other parameters, namely the corneal-compensated IOP (IOPcc) and a corneal resistance
factor (CRF), can also be derived from the ORA data. IOPcc is a pressure measurement
that utilises CH to give a pressure value that is considered to be less influenced by intrinsic
corneal properties, e.g., central corneal thickness [41]. CRF is a depiction of overall corneal
resistance and is algorithmically calculated [42]. Clinical use for these accessory criteria is
yet to be elucidated [43].

The second device is the Corneal Visualization Scheimpflug Technology tonometer
(Corvis ST; Oculus, Wetzlar, Germany). Similar to the ORA, the Corvis ST utilises an air
pulse, but a high-speed Scheimpflug camera is used to calculate corneal movement. It
records the cornea’s reaction to the air pulse and the camera can take up to 4300 images per
second. A video of 140 images taken 31 ms after the onset of the air pulse is used to provide
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a detailed analysis of the biomechanical properties of the cornea. A biomechanically
corrected IOP (bIOP) is calculated, analogous to the IOPcc above [44]. The Corvis ST
technically does not provide corneal hysteresis results, but bIOP is influenced by the effects
of CH and is, therefore, a useful substitute marker. The parameters obtained by the Corvis
ST are currently not directly comparable with those obtained by the ORA [45].

CH values are measured in millimetres of mercury (mmHg). The values are repeatable
and vary among patients, and studies have found that CH values in non-pathological eyes
have an average value of between 10.2 and 10.7 mmHg [46]. CH values display ethnic
variations, with a study by Haseltine et al. [47] demonstrating that in non-glaucomatous
eyes, Black, Hispanic, and Caucasian subjects have average CH values of 8.7 mmHg,
9.4 mmHg, and 9.8 mmHg, respectively. CH values are independent of other corneal
measurements such as radius, refractive error, or IOP [48]. CH and CCT are positively
associated [49].

8. Corneal Hysteresis and Glaucoma

Glaucoma can have devastating effects on a patient from a social, economic, and health
point of view. There is a significant spectrum of diseases under the umbrella term that
is glaucoma, including primary open-angle glaucoma (POAG), closed-angle glaucoma,
pigment-dispersion glaucoma, pseudoexfoliative glaucoma, and normal-tension glaucoma
(NTG), to name but a few. The Holy Grail of glaucoma management is to determine which
patients have a greater likelihood of progressing from ocular hypertension to glaucomatous
optic neuropathy and, in patients who already have glaucoma, which are more likely to
deteriorate quickly. With the advent of more widespread use of CH measurement, this may
soon become a reality. (Figure 1).
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Figure 1. Corneal hysteresis is a surrogate marker for glaucoma and can be utilised to risk-stratify
both those who are in danger of developing the disease and also those who are likely to progress
(TM: trabecular meshwork).

9. Primary Open-Angle Glaucoma (POAG)

In simple terms, it is known that corneal hysteresis is lower in eyes with POAG than
in eyes without glaucoma [50]. In a prospective cross-sectional study in 2010, Anand
et al. [51] examined 117 POAG patients with asymmetric visual fields. This asymmetric
POAG was associated with the corresponding asymmetry in ORA parameters but not in
CCT or IOP. Lower CH was an independent risk factor for the eye with a worse visual
field, irrespective of its pressure. A study by Dana et al. in 2015 [52] demonstrated a

72



J. Clin. Med. 2022, 11, 2895

statistically significant, positive correlation between Visual Field Index (VFI) and CH, with
lower CH values correlating with a lower VFI on Humphrey Visual Field testing. In a
recent study published in 2021 by Jiménez-Santos et al. [53], 1573 patients from a previous
cohort study with POAG were analysed in terms of glaucoma progression with respect to
multiple baseline parameters including CH and CCT. It was observed that patients without
progression had higher CH values and higher CCT. Using multivariate analysis, it was
revealed that for every 1 mmHg reduction in CH measurement, an increase of 2.13 in terms
of the hazard ratio for the risk of progression was conferred. The authors concluded that
CH was considered to be a risk factor in early POAG and that CCT and CH at higher values
work synergistically to slow the rate of progression. However, not all studies demonstrated
this combined effect between the parameters, with Sullivan-Mee et al. [54] showing that
after multivariate analysis, CH was the only factor that continued to discriminate between
normal and glaucomatous eyes.

10. Angle-Closure Glaucoma (ACG)

Sun et al. [55] revealed that CH values were significantly lower in patients with chronic
primary ACG as opposed to age-matched non-pathologic controls, with the presenting CH
value in the glaucoma group measuring 6.83 ± 2.08 mmHg as opposed to the control eyes,
which had an average CH value of 10.59 ± 1.38 mmHg. Another prospective observational
study was undertaken by Narayanaswamy [56] et al., who examined 131 patients with
primary ACG from a cohort of 443 Chinese patients. When confounding factors were
adjusted, CH values were significantly lower in primary ACG eyes compared to normal
eyes (9.4 mmHg versus 10.1 mmHg). However, other studies have found this relationship
to be inconsistent, with a study by Nongpiur et al. revealing a lack of correlation between
CH values and severity of disease in chronic angle-closure glaucoma [57] patients.

11. Pseudoexfoliation Glaucoma (PXFG)

A retrospective study undertaken in 2011 in Sweden [58] examined 90 patients for
CH values; 30 with POAG, 30 with pseudoexfoliation glaucoma (PFXG), and 30 without
glaucoma. The patients were also age matched. The results indicated that CH values
were significantly lower in PFXG patients in comparison to both the POAG eyes and
the non-glaucomatous eyes. Mean CH values in normal, POAG, and PXFG eyes were
9.8 ± 1.6 mmHg, 9.0 ± 1.9 mmHg, and 8.0 ± 1.5 mmHg, respectively. Yazgan et al. in
2014 [59] compared patients with pseudoexfoliation syndrome (PFXS), PFXG, and controls
and revealed that CH was decreased in both PFXS and PFXG patients but to a greater degree
in the PFXG patients. Yenerel et al. [60] showed that both CH and CRF values were lower in
patients with both unilateral and bilateral PFXG. Interestingly, another study examining the
use of the Corvis ST in measuring corneal biomarkers [61] showed no difference between
eyes with PXG, POAG, and healthy controls after adjusting for IOP.

12. Normal-Tension Glaucoma (NTG)

Normal-tension glaucoma (NTG) is defined as evidence of glaucomatous optic neu-
ropathy in eyes with an IOP of 21 mmHg or less. Studies have estimated that from a global
perspective, as many as 30–50% of glaucoma patients may have IOP considered to be
within the normal range [62]. Park et al. [63] analysed 95 NTG patients and evaluated them
with respect to 93 patients without glaucoma. They concluded that patients with NTG had
lower CH values than those in the normal group. They categorised their patients as normal,
early NTG, and advanced NTG and the CH values were 10.83 ± 1.60, 10.56 ± 1.44, and
9.78 ± 1.52, respectively, with more advanced disease correlating with a lower CH value.
They also determined that CH value alone remained statistically significantly associated
with optic nerve head parameters (such as rim area and volume and cup-disc ratio) after
adjusting for other confounding factors. They surmised that CH has a greater influence on
structural biomarkers than CCT in NTG patients. The findings that NTG eyes have lower
CH values than normal eyes have been echoed in numerous other studies [64–66].
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Morita et al. [67] noted that IOPcc is significantly higher in eyes with NTG than in
normal eyes, and Ehrlich et al. [68] noted that in comparison to eyes with POAG, there was
a greater discrepancy seen between IOP measured with Goldmann Applanation Tonometry
(GAT) and ccIOP with NTG eyes. A study by Hong et al. in 2016 [69] looked at the rate
of progression in NTG patients and stated that eyes with a lower CH value and a higher
ccIOP were likely to progress quicker than those with either higher CH values or lower
ccIOP values. There was a substantial difference noted between GAT and ccIOP in these
patients. They concluded that it is likely that GAT underestimates IOP in these patients
and that ccIOP is a more accurate representation of actual IOP.

CCT is routinely used in NTG as a risk stratification tool. Previous studies have found
that in patients with NTG, their CCT is thinner in comparison to both POAG eyes and
normal eyes [70]. However, more recent studies [71] have found that CH and CRF are more
robust predictors of progression in NTG than CCT.

Please see Table 1 for a summary of CH values in terms of glaucoma detection by
subtype.

Table 1. Summary of main findings of CH studies in terms of glaucoma detection divided by subtype
of glaucoma.

Study Lead Author and Year Study Type Number of Patients Main Finding

POAG

Sullivan-Mee et al., 2008 [54] Retrospective 298 CH Values are useful in differentiating between
patients with and without POAG.

Anand et al., 2010 [51] Prospective 117
Asymmetric POAG was associated with asymmetry
in ORA parameters. Lower CH was associated with

more advanced glaucomatous disease.

Dana et al., 2015 [52] Observational 55
Positive, statistically significant correlation between
CH values and VFI. Lower CH Values are associated

with lower VFI.

Jiménez-Santos et al., 2021 [53] Cohort 1573 CH can be considered as a risk factor of progression
in early-stage POAG.

ACG

Sun et al., 2009 [55] Prospective 80 CH was significantly lower in chronic
PACG patients.

Narayanaswamy et al.,
2011 [56] Prospective 443

Corneal hysteresis was lower in eyes with glaucoma
and after adjusting for confounding factors, lower

CH values was found in PACG eyes.

Nongpiur et al., 2015 [57] Prospective 204 Severity of glaucoma in PACG is not associated with
lower CH values.

PXFG

Ayala et al., 2011 [58] Retrospective 90
CH was significantly lower in PXFG patients than in

POAG normal patients, but no significance was
found between the POAG and the normal group.

Yenerel et al., 2011 [60] Prospective 52 CH reduces in patients with both unilateral and
bilateral PEX.

Yazgan et al., 2015 [59] Prospective 118 CH values were decreased in patients with PXFG,
more so than in patients with solely PEX.

Pradhan et al., 2020 [61] Prospective 66 After adjusting for IOP, CH values for normal eyes,
POAG eyes and PEX eyes did not differ.
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Table 1. Cont.

Study Lead Author and Year Study Type Number of Patients Main Finding

NTG

Morita et al., 2012 [67] Prospective 166 IOPcc and CH values were significantly higher in
NTG eyes than in normal eyes.

Ehrlich et al., 2012 [68] Retrospective 614

Compared to GAT, IOPcc may be a superior test in
the evaluation of glaucoma as it may account for

measurement errors induced by corneal
biomechanics.

Hong et al., 2016 [69] Prospective 56 Higher IOPcc and lower CH are associated with VF
progression in NTG patients.

Park et al., 2018 [63] Retrospective 188

Lower CH values are associated with a smaller rim
area and volume, thinner RNFL, and a larger cup

disc ratio after adjusting for CCT, age, IOP,
and disc size.

POAG = Primary Open-Angle Glaucoma, ACG = Angle-Closure Glaucoma, PACG = primary angle-closure
glaucoma, CH = Corneal Hysteresis, PXFG = Pseudoexfoliative Glaucoma, PEX = Pseudoexfoliation Syndrome,
NTG = Normal-Tension Glaucoma, IOPcc = corneal-compensated intraocular pressure, IOP = intraocular pressure,
ORA = Ocular Response Analyser, VFI = Visual Field Index, VF = Visual Field.

13. Corneal Hysteresis and Glaucomatous Progression

The first association between CH and visual field progression was made by
Congdon et al. [72] in 2006. This was an observational study which included 230 patients
with either POAG (85%) or suspected glaucoma (15%). The cohort underwent routine
baseline evaluations and, subsequent to multivariate generalised estimating equation mod-
elling, a lower CH was associated with greater visual field progression, an association
that was not apparent for CCT. Susanna et al. [38] performed a prospective observational
study on 199 patients who were suspected of having glaucoma and were followed for
an average of 3.9 years. Glaucoma progression was defined as Glaucoma Hemifield Test
outside normal limits or a Pattern Standard Deviation (PSD) of <5% on three consecutive
automated perimetry tests. Of the 54 eyes that developed repeatable visual field defects on
follow up, their CH values were significantly lower than those whose fields remained static.
They concluded that lower CH values were associated with a higher risk of developing
glaucomatous visual field defects over time. De Moraes et al. [73] examined the relationship
between CH, CCF, and visual field progression in terms of decibels lost per year. They
deduced that eyes that have greater progression of their visual field had lower CH and CCT
values and that eyes that had the greatest number of decibels lost had lower CH values.
Medeiros et al. [37] examined CH values and the loss of the Visual Field Index (VFI) over
time. Out of the 68 patients with known glaucoma, 114 eyes were followed for an average
of 4 years. The results revealed that CH had a significant effect on progression, more so
than IOP and CCT, and that for each 1 mmhg lower CH value conferred an associated
risk of 0.25%/year faster rate of visual field progression over time (p < 0.001). In a more
recent study by Estrela et al. [74], the asymmetries between glaucoma progression and the
asymmetries in corneal properties were examined in a prospective study of 126 binocular
glaucoma patients. Visual field progression was determined by a change in mean deviation
(MD) on standard automated perimetry testing (SAP). The only corneal property of those
measured (including CCT and IOP) that had a statistically significant association with an
asymmetry of SAP MD rates was the difference in CH values. This remained the situation
even after multivariate analysis to void confounding factors including age, race, CCT, and
IOP. The authors predicted that for each 1 mmHg change in CH value in eyes of the same
subject, a 34% increase in the variance of MD rates could be observed.

Subjective visual field progression was not the only parameter analysed in the studies.
Zhang et al. [75] examined the relationship between CH and retinal nerve fibre layer (RNFL)
thinning in a prospective follow up of 186 eyes of 133 patients. They were followed for

75



J. Clin. Med. 2022, 11, 2895

an average of 3.8 years with a median follow up of 9 visits. Measurements of RNFL were
obtained using spectral-domain optical coherence tomography and potential confounding
factors were adjusted for. The authors determined that CH had a significant effect on RNFL
thinning, with each 1 mmHg lower CH value being associated with a 0.13 µm/year faster
rate of RNFL decline (p = 0.011).

A recent study by Kamalipour [76] et al. examined, in a prospective longitudinal
study, CH as a risk factor for the progression of the central visual field in a cohort of
glaucoma patients. Out of 143 patients, 248 eyes were examined using HVF 24-2 and 10-2
over an average of 4.8 years. Logistic regression analysis was utilised to determine the
characteristics that would influence progression on a 10-2 field. The authors showed that
lower CH values were associated with a statistically significant, albeit small, increased risk
of central visual field progression. However, the central visual field has a huge impact
on a patient’s quality of life and so the paper surmised that CH should be considered by
clinicians as a risk stratification parameter in glaucoma.

Table 2 summarises the main findings of the above studies with respect to CH values
and glaucoma progression.

Table 2. Summary of main findings of CH studies in terms of glaucoma progression.

Study Lead Author and Year Study Type Number of Patients Main Finding

Congdon et al., 2006 [72] Observational 230 Lower CH values were associated with visual field
progression.

De Moraes et al., 2012 [73] Prospective 153 High correlation between VF progression and
CH values.

Medeiros et al., 2013 [37] Prospective 68 Eyes with lower CH had faster rates of visual field
loss than those with higher CH.

Zhang et al., 2016 [75] Prospective 133 Lower CH was significantly associated with faster
rates of RNFL loss over time.

Susanna et al., 2018 [38] Prospective 199
Baseline lower CH measurements were significantly

associated with an increased risk of developing
glaucomatous visual field defects over time.

Estrela et al., 2020 [74] Prospective 126

In eyes with asymmetric CH values, there was an
associated asymmetric VF progression, with lower

CH values associated with greater rates of
progression

Kamalipour et al., 2022 [76] Prospective 143 Lower CH values were associated with a greater risk
of progression on 10-2 VF

CH = Corneal Hysteresis, RNFL = Retinal Nerve Fibre Layer, VF = Visual Field.

14. Effect of IOP Reduction on Hysteresis

CH is a dynamic property of the cornea. As previously stated, lower CH values are
associated with both an increased likelihood of developing glaucoma and a faster rate of
progression. Studies have shown that by lowering the intraocular pressure, CH values
can increase. In a retrospective review by Agarwal et al. in 2012 [77], 57 patients with
POAG were analysed by ORA at baseline and follow up, subsequent to the commencement
of a prostaglandin analogue for the treatment of their disease. It was seen that IOP was
reduced by an average of 3.2 mmHg, which corresponded to an increase in the CH value of
0.5 mmHg. It was demonstrated that baseline CH, and not baseline CCT, was a significant
predictor of IOP reduction, with a lower baseline CH associated with a greater reduction
in IOP. The effect of topical prostaglandin analogues on CH was also demonstrated by
Tsikripis et al. [78] in their study examining the influence that lower IOP had on CCT
biomechanical markers including CH, CRF, and CCT. Out of the 108 eyes that were included
in this study, 66 were treated with latanoprost solely and the remaining 42 eyes were
treated with a combination of latanoprost and timolol. It was seen that by using topical
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prostaglandin analogues, the IOP values decreased with a corresponding increase in the
CH and CCT values, with a range for the increase in CH values of 0.4–0.7 mmHg and
0.65–0.95 mmHg for the latanoprost and the latanoprost/timolol group, respectively.

Topical medication is not the only treatment modality for which a reduction in IOP
influences CH values. A study by Pillunat [79] et al. in 2016 examined 52 eyes of 52 patients
with medically uncontrolled glaucoma and performed Selective Laser Trabeculoplasty (SLT)
to control IOP. They found that Goldmann-correlated IOP decreased statistically signifi-
cantly from 18.0 ± 6.4 to 14.8 ± 3.8 mmHg and IOPcc from 20.2 ± 6.5 to 16.7 ± 3.4 mmHg
(p < 0.001). CH increased from 8.53 ± 2.03 to 9.12 ± 1.83 mmHg (p = 0.028) and CRF de-
creased from 9.58 ± 2.18 to 9.1 ± 2.1 mmHg (p = 0.037), which was statistically significant.
However, in covariance analysis, by correcting CH and CRF for the impact of IOP reduction,
the CH and CRF values remained unchanged. The authors concluded that SLT may not
change the corneal biomechanical properties, as these changes may solely be explained by
changes in IOP. However, in 2013, Hirneiß et al. [80] analysed 68 patients with open-angle
glaucoma that were insufficiently controlled by topical medications and hence underwent
SLT for IOP control. They were examining the predictive values of corneal biomarkers
for IOP reduction post SLT. A total of 68 patients with open-angle glaucoma (OAG) were
followed for 12 months after the procedure. Linear regression analysis revealed that both
CH and CRF alongside baseline IOP correlated significantly with IOP reduction. It was sur-
mised by the authors that the original IOP, CH, and CRF values were significant predictors
of the IOP-lowering effect of SLT in medically resistant OAG.

Surgery to reduce IOP has also shown to positively impact CH values. A study by
Pakravan et al. [81] examined the 89 eyes of 89 patients with ORA before and three months af-
ter either trabeculectomy and mitomycin C (MMC) (23 eyes), phacotrabeculectomy + MMC
(23 eyes), Ahmed valve implantation (17 eyes), or phacoemulsification alone (26 non-
glaucomatous eyes). Their findings revealed that CH was lower in glaucomatous vs.
non-glaucomatous eyes. Three months post-surgery, it was shown that CH values in-
creased in the trabeculectomy and MMC group, the phacotrabeculectomy, and the Ahmed
value group by 2.16, 2.29, and 2.30 mmHg, respectively. However, an increase in CH of
only 0.11 mmHg was seen in the post-phacoemulsification only eyes. The increase in CH
values was most significant in the eyes where IOP was decreased by 10 mmHg or more. Fu-
jino et al. [82] examined 24 eyes of 19 patients with POAG who underwent trabeculectomy
and recorded CH values before and after surgery in conjunction with Humphrey visual
field testing to assess progression. Their modelling for progression based on mean devia-
tion on-field testing demonstrated that only CH values had a positive correlation coefficient
for the rate of change. In 2019, Sorkhabi et al. [83] examined 32 eyes of 32 patients, 17 of
whom had PXFG and the remaining 15 had POAG. All patients underwent trabeculectomy
and MMC for uncontrolled glaucoma and ORA parameters were recorded at baseline and
3 months post procedure. The authors found that the mean CH values were lower in the
PXFG group than in the POAG group at baseline. The CH values markedly increased in
the PXFG group and modestly increased in the POAG group post-surgery (5.66 ± 1.13 to
6.69 ± 0.78 and 7.49 ± 0.88 to 8.23 ± 1.09). The authors also noted that there was a signifi-
cant relationship between CH and IOPg changes in both the PXFG and POAG groups.

Contrary to the above studies, a recent paper by Pillunat et al. [84] demonstrated that
when confounding factors were adjusted, the corneal biomechanical properties were not
altered post trabeculectomy. In this study, 35 eyes of 35 patients undergoing trabeculec-
tomy were enrolled and it was noted that the changes in CH values before and after
trabeculectomy were not statistically significant.

15. Limitations

The acquisition of CH measurements in clinical practice is currently not mainstream.
Not all units have access to an ORA and presently ophthalmologists are largely unfamiliar
with the values and how to interpret them.
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The precise mechanisms by which CH values affect glaucoma detection and progres-
sion are unclear apart from them being a surrogate marker for ocular stiffness. Is there a
vascular or an ischaemic factor underlying these mechanisms? A recent review by Hopkins
et al. [27] proposed a three-stage tissue stiffness model incorporating integrin-mediated
mechanotransduction that leads to extracellular matrix remodelling and fibrosis and, in
turn, to diminishing contractile ability of the lamina cribosa. Further research should be
undertaken to address these obvious gaps in knowledge and elucidate the intrinsic process
by which it works.

16. Conclusions

The contribution that CH will eventually have to glaucoma care has yet to be fully
appreciated. This review has summarised its effects and relevance on different types of
glaucoma, how its values can fluctuate with alterations in treatment, and its significance in
monitoring progression. It has become apparent that corneal behaviour is a more important
parameter than its thickness, but the authors believe that a combination of IOP, CCT, and CH
can be utilised to create a risk stratification model for glaucoma. Undoubtedly, additional
investigation is needed in this field and with it, the importance of CH in diagnosing and
monitoring this potentially devastating disease will likely come to the fore.
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Abstract: Objective: We aimed to compare intraocular pressure (IOP) measurements using iCare®

PRO rebound tonometry (iCare) and Perkins applanation tonometry (Perkins) in childhood glau-
coma subjects and healthy children and the influence of anaesthesia depth, age and corneal thickness.
Material: Prospective clinical, case-control study of children who underwent an ophthalmologic exam-
ination under general anaesthesia according to our protocol. Children were 45.45 ± 29.76 months old
(mean ± SD (standard deviation)). Of all children, 54.05% were female. IOP was taken three times
(T1–T3), according to duration and the depth of anaesthesia. The order of measurement alter-
nated, starting with iCare. Agreement between the device measurements was evaluated using
Bland–Altman analysis. Results: 53 glaucoma subjects and 22 healthy controls. Glaucoma subjects:
IOP measured with iCare was at T1: 27.2 (18.1–33.8), T2: 21.6 (14.8–30.6), T3: 20.4 mmHg (14.5–27.0)
and Perkins 17.5 (12.0–23.0), 15.5 (10.5–20.5), 15.0 mmHg (10.5–21.0) (median ± IQR (interquartile
range)). Healthy controls: IOP with iCare: T1: 13.3 (11.1–17.0), T2: 10.6 (8.1–12.4), T3: 9.6 mmHg
(7.7–11.7) and Perkins 10.3 (8.0–12.0), 7.0 (5.5–10.5), 7.0 mmHg (5.5–8.5) (median ± IQR). The median
IOP was statistically significantly higher with iCare than with Perkins (p < 0.001) in both groups. The
mean difference (iCare and Perkins) was 6.0 ± 6.1 mmHg for T1–T3, 7.3 at T1, 6.0 at T2, 4.9 mmHg
at T3. Conclusion: The IOP was the highest in glaucoma subjects and healthy children at T1 (under
sedation), independently of the measurement method. iCare always leads to higher IOP compared to
Perkins in glaucoma and healthy subjects, regardless of the duration of anesthesia.

Keywords: childhood glaucoma; intraocular pressure measurement; iCare tonometry; Perkins
tonometry; standardized anaesthesia

1. Introduction

Childhood glaucoma is a rare disease, with incidence in Europe of 1 per 20,000 live
births [1]. If undiagnosed and consecutively treated too late, this disease can result in visual
impairment or blindness in 1.2 to 7.1%, depending on the country of origin [2–4]. Early
and accurate diagnosis in childhood glaucoma is crucial to initiate an appropriate therapy.
This prevents irreversible damage to the cornea, optic nerve, as well as development of
buphthalmos and myopia with vision loss [5–7].

To diagnose glaucoma in children, the ophthalmological examination with evaluation
of ocular dimensions, corneal clarity, optic nerve and intraocular pressure measurement is
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needed [8]. However, the clinical examination can be challenging in uncooperative chil-
dren [8]. Distorting factors, such as children crying, eyes squeezing or intrathoracic pressure
may lead to inaccurate measurements. That is the reason why the success rate of the in-
traocular pressure (IOP) measurement in awake children varies between 14–60% [9,10]. To
exclude these influencing factors, the necessary ophthalmological examination needs to be
performed under general anaesthesia [8]. The general anaesthesia may affect the IOP itself,
depending on the given sedatives, depth of anaesthesia or usage of anaesthetic techniques,
such as laryngoscopy or intubation [11]. For instance, ketamine and suxamethonium in-
crease the IOP [11–13], while remifentanil decreases IOP [14–16]. The increasing depth of
anaesthesia leads to a significant reduction in the IOP [17].

Moreover, depending on the selected IOP measurement method itself, the IOP values
can vary. The iCare® PRO rebound tonometry (iCare) is easy to use and does not need eye
drops to carry out the measurement. However, IOP values measured with iCare, depending
on device generation, are affected by corneal thickness and differ in sitting or supine posi-
tion [18–20]. Age can also affect the measurement with iCare due to age-related changes in
collagen fibrils in the cornea, which lead to an increase in stiffness [21,22]. To achieve reli-
able values with Perkins applanation tonometry (Perkins), on the other hand, some practice
is required [23]. To perform the measurement with this device, fluorescein/anesthetic eye
drops are needed. According to Garcia et al., the iCare measurement overestimates the IOP
compared to Perkins tonometry [17]. However, Molero-Senosiaín proved that the iCare
overestimates only the high IOP in comparison to Perkins [17].

Our main goal must be a precise and reliable IOP measurement in children under
anaesthesia, as close as possible to the awake state without relevant changes in IOP [10,11].
To achieve that, the relationship between depth of anaesthesia and IOP has to be investi-
gated [15,24].

In our study, the IOP and central corneal thickness (CCT) of childhood glaucoma
subjects and healthy children was performed under protocol-defined standardized general
anaesthesia. The protocol was established in our Childhood Glaucoma Centre at the
University Medical Center in Mainz, Germany [25].

The purpose of this study was to compare IOP measurements using iCare and Perkins
in childhood glaucoma subjects and healthy children at different time points of anaesthesia.

In addition, the correlation between CCT and IOP measurements, as well as between
age and IOP, obtained with both devices, was analyzed.

2. Materials and Methods
2.1. Study Design

This study was approved by the local Ethics Committee of the Medical Association of
the Rhineland-Palatinate state, Germany (Approval number: 2019-14207). This was a single
centre, prospective cohort study of all childhood glaucoma subjects (53) who underwent an
ophthalmologic examination including IOP and CCT measurement under protocol-defined
standardized general anaesthesia between April 2019 and March 2021 at the University
Eye Hospital Mainz, Germany. IOP was taken at three predefined time points (T1–T3)
according to the depth of anaesthesia. The time of measurement was the same for each and
every child. A precise description of the measurement can be found below under ‘sequence
of measurement’. Twenty-two children without a history of glaucoma were included as a
control group. The correlation between iCare and Perkins was the primary endpoint. The
IOP, the correlation between IOP and CCT, and IOP and age, were secondary endpoints.

2.2. Intraocular Pressure Measurement

IOP was measured with iCare® PRO rebound tonometry (iCare, Tiolat Oy, Helsinki,
Finland) and Perkins applanation tonometry (Clement Clarke, Haag-Streit, Harlow, United
Kingdom). The development of the rebound tonometry, originating from Kontiola, in 2001
led to iCare measurement. The magnetized probe launches against the eye using a solenoid.
The solenoid captures the movement and impact of the probe on the eye [26].
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The Perkins tonometer shares the same principle used in Goldmann tonometry. It is
based on Imbert–Fick law. The force required to cover the area of a sphere to applanate
is exactly the same size as the pressure inside the sphere and the applanated area [27].
Both tonometers are portable devices. The measurements were carried out by one of
four ophthalmologists specialized in glaucoma in our clinic with wide experience in this
field. A series of measurements was carried out on each child by the same specialist. All
measurements were taken in a horizontal position.

2.3. Sequence of Measurements

IOP was measured in both eyes at three times (T1–T3). The first IOP measurement
was performed immediately after the application of the propofol bolus (stage 1, T1). At this
point the child was spontaneously breathing, slightly sedated, titrated with a maximum of
4 mg/kg bodyweight propofol intravenous bolus. This measurement reflects most closely
the state of consciousness. The second IOP measurement was performed one minute after
insertion of the laryngeal mask (stage 2, T2). At that point, a larger (anesthetic dose) bolus of
propofol was given. The propofol and remifentanil were also running as perfusors. It means
at this point the child was in a very deep anaesthesia. After that, the laryngeal mask was
blocked according to the manufacturer’s instructions and with the aid of the cuff pressure
gauge to max. 60 cm H2O. Immediately after the blocking, the third IOP measurement was
acquired (stage 3, T3). At this time, the depth of anesthesia is approximately the same as at
T2. At each stage, iCare measurement was followed by the measurement with Perkins, see
Figure 1.
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Figure 1. Sequence of measurements and procedures within EyeBIS study. Adapted from Pirlich, N.;
Grehn, F.; Mohnke, K.; Maucher, K.; Schuster, A.; Wittenmeier, E.; Schmidtmann, I.; Hoffmann, E.M.
Anaesthetic Protocol for Paediatric Glaucoma Examinations: The Prospective EyeBIS Study Protocol.
BMJ Open 2021, 11, e045906 [25]. Abbreviation: i.v.: intravenous; bw: bodyweight; IOP: intraocular
pressure; PEEP: Positive End-Expiratory Pressure; Pinsp: inspiratory pressure; Freq: frequency;
VT: tidal volume.

2.4. Corneal Thickness Measurement

The corneal thickness was measured with ultrasound pachymetry (Tomey AL-3000
(Tomey, Nuremberg, Germany).

2.5. Inclusion Criteria

Children who met the following criteria were eligible for this study: indication for
general anaesthesia with laryngeal mask for an operative or diagnostic intervention, age
from 0.5 to 10 years, 1–3 according to the American Society of Anaesthesiologists physical
status classification system (ASA classification), present written declaration of consent of
the legal representatives.

2.6. Exclusion Criteria

Contraindications for the use of a laryngeal mask, known allergy to propofol or
remifentanil was an exclusion criterion.
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2.7. Childhood Glaucoma Subjects

To define childhood glaucoma, we used the Childhood Glaucoma Research Net-
work criteria such as: IOP > 21 mmHg, optic disc cupping, corneal findings (Haab striae,
Diameter > 11 mm in newborn, >12 mm in child < 1 year of age > 13 mm any age), progres-
sive myopia/myopic shift, reproducible visual field defect which could not be caused by
another reason. To meet the definition, at least two criteria have to be fulfilled [6].

2.8. Healthy Subjects

Those children needed an operation due to strabismus or tear duct obstruction. The
children were otherwise healthy and did not require continuous local or systemic medication.

2.9. Statistical Analysis

Categorical variables were presented as frequencies with percentages, whereas median
and interquartile range (IQR) or mean ± standard deviation (SD) were used to describe
continuous variables. Evaluation of data normality was performed using Shapiro–Wilk test,
whereas variance equality was verified by Levene’s test. Normally distributed variables
were compared using the t test. Non-normally distributed continuous variables were
analysed using Friedman test, Wilcoxon test and Spearman’s rank correlation coefficient.
For multiple comparisons, Bonferroni correction was applied. Categorical variables were
compared using the χ2 test. Analyses were performed using R version 4.0.5 and Statistica
13.1 software for Windows. All statistical tests were two-tailed with the significance level
set at α = 0.05. Data were compared by determining interclass correlation coefficients for
each tonometer and representing the differences detected as Bland–Altman plots.

3. Results
3.1. Characteristics

In this study, 150 eyes of 75 children were included; that is, 53 glaucoma subjects and
22 healthy controls. Overall age was 45.5 ± 29.8 months, glaucoma subjects 46.2 ± 29.7 and
healthy children 43.8 ± 30.5 months old (mean ± SD). Of all the children, 54% were female.
The mean CCT for the glaucoma subjects was statistically significantly higher than for the
healthy ones, 601.6 ± 104.7 µm vs. 554.5 ± 39.7 µm, respectively (p = 0.009). The range of
CCTs measured was 334.0–818.5 µm for glaucoma subjects and 494.0–616.5 µm for healthy
children, see Figure 2. Patient 29 was excluded from the analysis because the CCT showed
an extremal outlier from others, as a result of a massive corneal oedema.
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Figure 2. Corneal thickness for glaucoma vs. healthy subjects in the form of box plots.
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3.2. Primary Endpoint—Correlation between iCare and Perkins

The correlation between iCare and Perkins for all children was moderate: the intraclass
correlation coefficient (r) between the two methods was at T1–T3 0.63 (p < 0.001), at T1: 0.54
(p < 0.001), at T2: 0.62 (p < 0.001), and at T3: 0.72 (p < 0.001). The mean difference (iCare
and Perkins) was 6.0 ± 6.1 mmHg for T1–T3, 7.3 mmHg at T1, 6.0 mmHg at T2, 4.9 mmHg
at T3, see Figure 3.

J. Clin. Med. 2022, 11, x FOR PEER REVIEW 5 of 11 
 

 

 

Figure 2. Corneal thickness for glaucoma vs. healthy subjects in the form of box plots. 

3.2. Primary Endpoint—Correlation between iCare and Perkins 
The correlation between iCare and Perkins for all children was moderate: the intra-

class correlation coefficient (r) between the two methods was at T1–T3 0.63 (p < 0.001), at 
T1: 0.54 (p < 0.001), at T2: 0.62 (p < 0.001), and at T3: 0.72 (p < 0.001). The mean difference 
(iCare and Perkins) was 6.0 ± 6.1 mmHg for T1–T3, 7.3 mmHg at T1, 6.0 mmHg at T2, 4.9 
mmHg at T3, see Figure 3.  

 
Figure 3. Difference between the measurement with iCare and Perkins in the form of Bland–Altman 
plot at the different time points for all children (a) T1, (b) T2, (c) T3. Abbreviation: IC: iCare; P: 
Perkins. 

3.3. Secondary Endpoints 
3.3.1. Median IOP with iCare and Perkins 

For all children, the median IOP measured with iCare was statistically higher than 
measured with Perkins (p < 0.001). The median IOP using iCare was at T1: 20.3 (13.1–30.3), 
T2: 15.5 (11.0–25.2), T3: 15.7 mmHg (10.1–25.1) and for Perkins at T1: 14.5 (9.5–20.5), T2: 
11.0 (7.5–19.5), T3: 11.5 mmHg (7.5–19.0) (median ± IQR). In addition, it was shown that 

 Mean
 Mean  ± SE
 Mean  ± 1.96SEglaucoma subjects healthy subjects

520

540

560

580

600

620

640

co
rn

ea
l t

hi
ck

ne
ss

 (µ
m

)

 

   
(a)                     (b)                   (c) 

-10

-5

0

5

10

15

20

25

30

35

0 10 20 30 40 50

Di
ffe

re
nc

e 
be

tw
ee

n 
iC

 a
nd

 P
 m

ea
su

re
m

en
t 

Mean of iC and P measurement 

Mean = 7.3 

+1.96 SD = 20.5  

-1.96 SD = −5.9 
-10

-5

0

5

10

15

20

25

30

35

40

0 10 20 30 40 50

Di
ffe

re
nc

e 
be

tw
ee

n 
iC

 a
nd

 P
 m

ea
su

re
m

en
t 

Mean of iC and P measurement 

Mean = 6.0 

+1.96 SD = 18.4  

-1.96 SD = −6.4 

-10

-5

0

5

10

15

20

25

30

35

0 10 20 30 40 50

Di
ffe

re
nc

e 
be

tw
ee

n 
iC

 a
nd

 P
 m

ea
su

re
m

en
t 

Mean of iC and P measurement 

Mean = 4.9 

+1.96 SD = 14.8  

-1.96 SD = −4.9 

Figure 3. Difference between the measurement with iCare and Perkins in the form of Bland–Altman
plot at the different time points for all children (a) T1, (b) T2, (c) T3. Abbreviation: IC: iCare;
P: Perkins.

3.3. Secondary Endpoints
3.3.1. Median IOP with iCare and Perkins

For all children, the median IOP measured with iCare was statistically higher than
measured with Perkins (p < 0.001). The median IOP using iCare was at T1: 20.3 (13.1–30.3),
T2: 15.5 (11.0–25.2), T3: 15.7 mmHg (10.1–25.1) and for Perkins at T1: 14.5 (9.5–20.5),
T2: 11.0 (7.5–19.5), T3: 11.5 mmHg (7.5–19.0) (median ± IQR). In addition, it was shown that
IOP values measured with iCare and Perkins significantly decreased over time—median
IOP at T1 > T2 (p < 0.001) and T1 > T3 (p < 0.001) for both devices.

For glaucoma subjects, the median IOP measured with iCare was statistically higher
than measured with Perkins (p < 0.001). The median IOP measured with iCare was at
T1: 27.2 (18.1–33.8), T2: 21.6 (14.8–30.6), T3: 20.4 mmHg (14.5–27.0) and Perkins T1: 17.5
(12.0–23.0), T2:15.5 (10.5–20.5), and T3: 15.0 mmHg (10.5–21.0) (median ± IQR). In addition,
it was shown that IOP values in the iCare measurement significantly decreased over time
between T1 and T2 and T1 and T3 and did not change between T2 and T3—median IOP at
T1 > T2 (p < 0.001), T2 = T3 (p = 0.101), and T1 > T3 (p < 0.001). With Perkins, IOP values
fell between T1 and T2 (p < 0.003). The IOP did not change significantly between T2 and T3
(p = 0.976) and T1 and T3 (p < 0.022), see Figure 4a. The IOP reduction between T1 and T2
is 21% for iCare and 11% for Perkins.
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For healthy subjects, the median IOP measured with iCare was statistically higher than
measured with Perkins (p < 0.001). The median IOP for iCare at T1 was: 13.3 (11.1–17.0),
T2: 10.6 (8.1–12.4), T3: 9.6 mmHg (7.7–11.7) and for Perkins at T1: 10.3 (8.0–12.0), T2: 7.0
(5.5–10.5), and T3: 7.0 mmHg (5.5–8.5) (median ± IQR). In addition, it was shown that
IOP values in the iCare measurement decreased significantly over time between T1 and
T2 (p < 0.001) and T1 and T3 (p < 0.001) was not changed between T2 and T3—median
IOP at T1 > T2 (p < 0.001), T2 = T3 (p = 0.101), and T1 > T3 (p < 0.001). With Perkins,
IOP values fell between T1 and T2 (p < 0.001) and T1 and T3 (p < 0.001). The IOP did
not change significantly between points T2 and T3—median IOP at T1 >T2 (p < 0.001),
T2 = T3 (p = 0.015), and T1 > T3 (p < 0.001), see Figure 4b. The IOP reduction between T1
and T2 was 20% for iCare and 32% for Perkins.

3.3.2. Correlation of CCT and IOP

As for the correlation between CCT and IOP: the trend is downward in healthy
children, but not statistically significant in iCare (p = 0.837) and not statistically significant
in Perkins (p = 0.656). In glaucoma subjects, the trend is increasing, but is not statistically
significant in iCare (p = 0.228) and borderline in Perkins (p = 0.057), see Figure 5.
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Figure 5. Correlation of CCT and IOP for iCare and Perkins (a) glaucoma subjects (b) healthy children.
Abbreviation: CCT: corneal thickness; IOP: intraocular pressure; IC: iCare; P: Perkins.

3.3.3. Correlation of Age and IOP

The correlation between age and IOP with iCare at T1 was weak positive (p = 0.009)
in glaucoma subjects and not statistically significant in healthy subject (p = 0.243). The
correlation between age and IOP with Perkins was very weak positive (p = 0.082) in
glaucoma subjects and not statistically significant in healthy subjects (p = 0.263), see
Figure 6.
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4. Discussion

In this study, we compared IOP measured with iCare and Perkins in childhood
glaucoma subjects and healthy children and the influence of anaesthesia depth, age and
corneal thickness.

In childhood glaucoma, a prompt and accurate diagnosis should be our main objective
to avoid irreversible eye damage that can lead to blindness.

Glaucoma detection can be difficult for various reasons. It is rare that children experi-
ence the entire range of glaucoma characteristics, such as buphthalmos, corneal clouding
or symptoms like epiphora, without obstruction of the tear ducts. It is common that an
ophthalmological examination is not possible. In children, the vision field examination is
difficult to carry out because of a lack of cooperation or refusal of eye patch [28–31].

This illustrates the importance of a precise and reliable IOP measurement in diagnosing
childhood glaucoma [11]. To achieve it, it is necessary to ensure optimal test conditions.
Most often, in smaller children, it is only possible under general anaesthesia.

However, until now, there has been a lack of standardized anaesthesia protocol in
healthy children and children with glaucoma, which would accurately determine the type
and amount of drug administered, anaesthetic procedures, such as mask application, mask
blocking or intubation, depth of anaesthesia, as well as the best moment to perform the IOP
measurement, as well as the optimal type of IOP measuring device must be determinate.
Our study protocol was published recently [25]. In this paper, we want to present the data
obtained using the described ophthalmological–anaesthetic protocol EyeBIS.

Our single centre, prospective, standardised cohort study, included, in total, 75 glau-
coma subjects and healthy children. To the best of our knowledge, this is the first study
where the IOP was measured in children during standardized general anaesthesia. Only
very few studies have been published regarding IOP measurement with different devices
in childhood glaucoma [32–36].

According to our study, the correlation between iCare and Perkins for all children
was moderate for all three time points altogether. In the course of anaesthesia, lower IOP
values were measured. The lower the IOP values, the better the correlation between the
two measurement methods, T1: 0.54, T2: 0.62, and T3: 0.72. There are not many papers
concerning correlation coefficients between those two devices in children, but there is even
less information in this regard in glaucoma children. Martinez-de-la-Casa et al. reported a
correlation coefficient of 0.87 in childhood glaucoma [20]. However, the mean IOP in this
study was 22.1 ± 7.7 mm Hg for iCare and 19.1 ± 5.4 mmHg for Perkins. In our study,
the IOP measured with iCare was 26.8 ± 11.2 at T1; 23.2 ± 11.4 at T2; 21.7 ± 10.3 at T3
and with Perkins 18.2 ± 7.7 at T1; 16.0 ± 7.1 at T2; 16.1 ± 7.4 at T3. Children in the study
of Martinez-de-la-Casa et al. were older. They were 8.8 ± 2.9 years old, whereas in our
study, the children were 45.5 ± 29.8 months old [20]. It is conceivable that the corneal
characteristics and, hence, the IOP measurement in these two groups were different.

The median IOP measured with iCare was statistically higher compared with Perkins
for glaucoma subjects and healthy children in our study. Our results confirm some ear-
lier findings from the study by Borrego et al. [32]. In this study, the IOP was higher
with iCare than with Perkins in the glaucoma children as well. In contrast to our study,
Borrego et al. did not find a statistically significant mean IOP difference between iCare
and Perkins, (0.42 ± 3.69 mmHg, p = 0.41) [32]. In our study, the mean difference between
those two devices was statistically significant: 6.0 ± 6.1 mmHg for T1–T3, 7.3 mmHg at
T1, 6.0 mmHg at T2, and 4.9 mmHg at T3. There are two explanations for it. In our study,
the IOP was measured in sedation. At this time, the IOP is the highest. In higher IOP,
iCare tends to overestimate IOP in comparison to Goldmann tonometry [37]. Additionally,
there were many high IOP values measured within this study, maximal IOP with iCare
was 33.8 vs. 29.1 mmHg compared to the Borrego et al. study. Because the mean difference
between iCare and Perkins varies depending on the depth of general anaesthesia, the iCare
and Perkins measurements are not interchangeable and cannot be converted directly into
one another.
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On the contrary, there are studies that proved that both iCare and Goldmann tonom-
etry underestimate the real IOP. According to the study by Takagi at al., iCare tends to
underestimate the IOP in comparison to Goldmann tonometry in lower IOP [38]. The
reason for it was not given in this paper. The latest Messenio et al. study, concerning
Goldmann tonometry, described the underestimation of IOP by Goldmann tonometry
due to thinner corneas, which was already mentioned in another prior study [39,40]. We
cannot support these statements with our data. Our IOP measurements were high from the
beginning and the corneal thickness was normal to high.

The IOP was the highest at the measurement performed immediately after the ap-
plication of propofol bolus (T1), regardless of the measurement method, for all children,
glaucoma subjects and healthy children. This measurement reflects most closely the state
of consciousness. After that, the deep anaesthesia was provoked and the second mea-
surement was conducted. At this time the IOP was significantly lower in comparison to
T1, once again, regardless of the measurement method for all children, glaucoma subjects
and healthy children. At T3, the IOP was no different in comparison to T2 in glaucoma
subjects or healthy controls. This is not surprising since the depth of general anaesthe-
sia did not change between T2 and T3. It confirms the results of the previous study of
Barclay et al. [41].

Our study confirms that the general anaesthesia reduced IOP significantly [16]. That
highlights, once again, how important the cooperation and communication between anaes-
thesiologist and ophthalmologist are. The ophthalmologist needs to be in the operating
room before the beginning of any anaesthesiologic procedures. By this and a standardized
anaesthetic protocol, the measured IOP is as close to real IOP/awake IOP as possible.

In contrast to the study of Muir et al., we found differences in CCT in glaucoma
subjects and healthy children [42]. It could be caused by the corneal oedema by strongly
elevated IOP in our study. However, we did not find a statistically significant correlation
between CCT and IOP. There are other known biomechanical properties in the cornea,
which can influence the IOP, such as the corneal hysteresis [43,44], the corneal visoelastic
parameter [45], which should be analysed in glaucoma children in the future.

The correlation between age and IOP with iCare and Perkins at T1 was weak positive
in glaucoma subjects in our study. Therefore, we could not confirm the results of Sihota
et al., where an increasing IOP with age was found [9]. It is probably caused by the small
number of children who represent each age range in our study.

Strengths and Weaknesses

EyeBis has many strengths, including its prospective nature, large group of children
glaucoma subjects, and standardized anaesthetic protocol for the comparison of two dif-
ferent IOP measurement devices. There are some limitations as well. The mean IOP was
measured for both eyes of the child at each timepoint. The sequence of measuring, first
iCare, then Perkins, might have, at least partly influenced the lowering of the IOP measured
with Perkins. As mentioned before, the iCare probe launches against the eye using a
solenoid. It could lead to aqueous massage or corneal impression. It is proven that repeated
iCare readings tend to lower the IOP [36].

5. Conclusions

Under standardized general anaesthesia conditions, tonometry devices present dif-
ferences in IOP. iCare leads to higher IOP compared to Perkins in glaucoma and healthy
subjects, regardless of the duration of anesthesia.

The IOP changes during the course of anaesthesia and should be measured at the
beginning of anaesthesia, according to our protocol, because at this point, the IOP is the
highest. The knowledge of the exact anaesthesia depth during IOP measurement gives
(a) more confidence in IOP values and (b) enables the glaucoma surgeon to interpret IOP
results more accurately. In our study, IOP was independent of CCT.
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Abstract: (1) Background: To investigate the value of pulsatile trabecular meshwork (TM) motion
in predicting the diurnal intraocular pressure (IOP) fluctuation of primary open-angle glaucoma
(POAG). (2) Methods: This cross-sectional study recruited 20 normal patients and 30 patients with
POAG. Of the POAG group, 20 had stable diurnal IOP and 10 had high IOP fluctuation. A clinical
prototype phase-sensitive optical coherence tomography (PhS-OCT) model was used to measure TM
pulsatile motion with maximum velocity (MV) and cumulative displacement (CDisp). (3) Results:
MV and CDisp were higher in the external region in both normal and POAG patients. All MV and
CDisp reduced significantly in the POAG group (p < 0.001). In the POAG group, except MV in the
external region (p = 0.085), MV and CDisp in the nasal area were significantly higher than those in
the temporal area (p < 0.05). The MV and CDisp in the external region in the nasal area of POAG
patients with high IOP fluctuation were much lower than those with stable IOP (pEMV3 = 0.031,
pECDisp3 < 0.001); (4) Conclusions: Pulsatile TM motion reduced in POAG patients relevant to the
level of diurnal IOP fluctuation. This study presents the segmental variance of TM stiffness in human
living eyes and suggests the clinical potential of the measurement of pulsatile TM motion with
PhS-OCT for the evaluation of diurnal IOP fluctuation.

Keywords: trabecular meshwork; phase-sensitive optical coherent tomography; pulsatile motion;
IOP fluctuation; primary open-angle glaucoma

1. Introduction

Glaucoma is a leading cause of irreversible blindness around the world [1]. Primary
open-angle glaucoma (POAG) is the most common type, with characteristics of optic
neuropathy and visual field defects. Intraocular pressure (IOP) elevation is widely accepted
as a major cause of POAG, and IOP control is the most reliable treatment [2,3]. Although
IOP has become widely accepted as a major cause of POAG, how IOP is regulated and why
it increases remain an enigma.

IOP measurement is the approach most frequently used to evaluate POAG treatment
adequacy. Large and irregular IOP fluctuations may the cause loading and unloading of
stress; the tissue is unable to compensate, and then damage occurs. Studies have proven
that IOP is highly variable, and large IOP fluctuations are an independent risk factor for
POAG development and progression [4,5]. Thus, 24 h IOP monitoring is recommended [6].

Because the measurement of IOP for 24 h is inconvenient and time-consuming [7], it
would be valuable if we could estimate the fluctuation of IOP by less complex means. IOP
homeostasis depends on the normal function of the aqueous outflow system, especially the
trabecular meshwork (TM) outflow pathway [8]. Many experimental and clinical studies
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provide evidence that bulk aqueous humor outflow is characteristically pulse-dependent [9].
The pressure-sensitive bulk motion of the TM changes the dimensions of Schlemm’s canal
(SC), which functions as a compressible chamber and is a prerequisite for the pulsatile
flow pattern [10].

Multiple lines of evidence document the progressive decrease and eventual loss of
pulsatile flow in glaucoma patients as the disease progresses [11]. The elastic property of
TM provides a grounding in the pumping of aqueoushumor. The TM pulsatile motion rep-
resents TM deformability to the cardiac-induced ocular pulse amplitude. As an important
regulatory site, TM dysfunction plays a critical role in the pathogenesis of POAG [12,13].
TM stiffness, defined as the tissue’s resistance to deform, is one of the essential factors that
affects the ability to induce the pulsatile motion [14].

Phase-sensitive optical coherence tomography (PhS-OCT) has been found to quantify
the pulsatile TM motion in vivo with high repeatability and reliability [15]. The quantified
pulsatile motion is thought to be representative of TM stiffness. Recently, one study
identified a reduced pulsatile TM motion in patients with PAOG by using PhS-OCT [16].
However, how effectively the pulsatile movement of TM measured by PhS-OCT reflects IOP
fluctuation has not yet been evaluated. Here, we report a cross-sectional study designed to
investigate the relationship between the pulsatile movement of TM and IOP fluctuation in
normal and POAG subjects.

2. Materials and Methods
2.1. Subjects

This cross-sectional study was conducted at the Beijing Tongren Hospital, Capital
Medical University, between August and December 2020. The study was approved by
the Ethical Review Committee of Beijing Tongren Hospital (TRECKY2018-066). The study
adhered to the tenets of the Declaration of Helsinki, and each subject signed an informed
consent document.

All the recruited subjects received a comprehensive ocular examination of the right
eye, including a review of their medical history, best-corrected visual acuity, refraction, a slit
lamp, and a stereoscopic optic disc examination. Blood pressure (BP) was measured using
an automatic BP device (OMRON Heem-907 blood pressure monitor, OMRON, Kyoto,
Japan). IOP was measured by using Goldmann applanation tonometry (GAT). We used
an IOL-Master 700 (Carl Zeiss Meditec AG, Jena, Germany) to measure the axial length
(AL), central corneal thickness (CCT), and anterior chamber depth (ACD). We admitted
POAG subjects to the hospital to provide 24 h IOP monitoring. We measured IOP in the
seated position at the following seven times of day using GAT: 2:00 AM, 6:00 AM, 8:00 AM,
10:00 AM, 2:00 PM, 6:00 PM, and 10:00 PM. IOP fluctuation was defined as the difference
between the maximum IOP and the minimum IOP in a day.

Normal subjects had no other ocular disease except dry eye or myopia (0~−3.0 Diopters).
POAG was defined as the presence of a normal and open-angle gonioscopy, untreated IOP
without medication > 21 mmHg, glaucomatous visual field loss confirmed on the subsequent
visual field test, and corresponding glaucomatous optic nerve damage evidenced by stereo-
scopic fundus examination and the images of an optical coherence tomograph. All POAG
patients were treated with topical medication for at least three months (18.6 ± 3.4 weeks). For
these POAG patients, IOP was measured twice a week after medications were administered.
The prescription for POAG was as follows: 1. Prostaglandins; 2. β-blocker; 3. Brinzolamide.
All the recorded IOP values measured in the clinic during office hours were less than 21 mmHg
while on medication. The exclusion criteria were as follows: (1) previous ocular trauma or
surgery; (2) ocular diseases other than POAG; (3) high myopia with aspherical equivalent
worse than −3.0 Diopters; (4) known diabetes or cardiac disease.

2.2. PhS-OCT Examination and Data Processing

The clinical PhS-OCT prototype (Figure 1) is composed of three parts: (1) a spectral-
domain OCT system with the light source of a wavelength of 1310 nm with a spectral
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bandwidth of 100 nm; (2) a digital pulsimeter (Powerlab, ML 866, Colorado Springs, CO,
USA) for cardiac signal recording; (3) an external controlling unit for synchronizing the
OCT and cardiac signals. The theoretical axial resolution was ~5.5 µm, and the lateral
resolution was ~16 µm in tissue. The subject was seated facing straight ahead in a slit-lamp
style chin rest with a headrest support, and a digital pulsimeter was placed on the tip of
the index finger. The subjects followed an external fixation target with their eyes without
moving their head during PhS-OCT imaging. We scanned the temporal and nasal 3.5 mm
limbal region of the TM. Each scan lasted for 5 s, creating a dataset containing 2000 OCT
B-scans (400 B-scans/s).
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Figure 1. Photos of the clinic’s phenotype of phase-sensitive optical coherence tomography.

For each dataset, the velocity waveform of each pixel was used to generate a velocity
waveform tracing. A proprietary technique was used to compensate for the bulk involun-
tary motion occurring during the measurement. Between adjacent B-scans, we analyzed the
phase shift of each pixel in the OCT signals, then calculated instantaneous velocity based
on the difference between the two B-scan images. A mask derived from the cardiac pulse
and harmonic frequency filtered the motion waveforms. We selected two regions of interest
for each scan. The internal region of TM was defined as one-third of the distance anterior
to the sclera spur along the line between Schwalbe’s line and the sclera spur. The external
region of the TM was selected as the area next to the SC lumen. The maximum velocity
(MV) and cumulative displacement (CDisp) were then calculated (Figure 2), providing first
an internal TM maximum velocity (IMV) and displacement (ICDisp), then an external TM
Velocity (EMV) and displacement (ECDisp). For details on how to characterize the Phs-OCT
system for dynamic displacement measurement, please refer to our previous studies [15,17].
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Figure 2. Representative of trabecular motion (TM) synchronized with heartbeat. The TM motion is
synchronized with the heartbeat. The black curves represent the heartbeat. The blue curves indicate
the instantaneous velocity of the TM in each cycle, while the orange lines demonstrate the cumulative
displacement of the TM, which moves away from the original location at each check point. The
inverted triangle indicates the peak value of the traced curve, while the square presents the valley
value. The positive of the velocity or the displacement represents the TM moving outwards to the
sclera in the systole; the negative velocities represent the TM moving inwards towards the anterior
chamber during the diastole. The maximum velocity means the maximum instantaneous velocity
during a cycle. The figures show two representatives of the TM motion in normal (left) and POAG
patients (right).

All the examinations were performed by Dr. XC, who was masked to the diagnosis
of the subjects. PhS-OCT imaging was performed at 10:00 AM, with the temporal and
nasal limbal region scanned in each subject. Three successive datasets were collected in
an examination on one day to assess the repeatability of the imaging. The scans were
repeated two weeks later to determine the reliability of the PhS-OCT technique on separate
exam days.

2.3. Statistical Analysis

Descriptive statistics are presented as the mean ± standard deviation (SD). The signif-
icant differences of the parameters of the pulsatile TM motion between normal patients
and patients with POAG were determined using an unpaired t-test based on the analysis
of normality (Shapiro–Wilk test). The intraclass correlation coefficient (ICC) was used to
assess the repeatability and reproducibility of the pulsatile TM motion measurements in
the PhS-OCT images. Each comparison was labeled as significant when p < 0.05.

3. Results
3.1. Demographic and Baseline Characteristics of the Subjects

Twenty normal and 30 POAG subjects were recruited in this study. The mean ages
of the normal and POAG groups were 41.3 ± 9.3 years and 44.6 ± 9.5 years (p = 0.992),
respectively. The IOP at 10:00 AM was not significantly different between groups (p = 0.111):
15.4 ± 1.6 mm Hg in the normal group and 15.3 ± 2.0 mmHg in the POAG group. The
baseline characteristics of all participants are shown in Tables 1 and 2.

Table 1. Demographic of subjects.

Normal POAG p-Value

Age (years) 41.3 ± 9.3 44.6 ± 9.5 0.992
Sex (F:M) 11/9 10/20 0.154

Axial length (mm) 24.04 ± 0.43 24.03 ± 0.28 0.069
Central corneal thickness (µm) 527 ± 28 540 ± 33 0.342

Heart rate 70.3 ± 8.8 72.9 ± 9.4 0.406
Mean arterial pressure (mmHg) 87.9 ± 7.5 90.4 ± 6.2 0.445

IOP (mmHg) 15.4 ± 1.6 15.3 ± 2.0 0.111
Mean deviation (dB) −9.32 ± 1.58

POAG—primary open-angle glaucoma; F:M—Female: Male; IOP—intraocular pressure.
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Table 2. Demographic of POAG subjects.

IOP Stable IOP Fluctuant p-Value

Age (years) 44.6 ± 14.5 46.4 ± 15.2 0.630
Sex (F:M) 8/12 4/6 0.833

Follow-up (weeks) 20.8 ± 4.2 19.7 ± 2.9 0.115
Axial length (mm) 24.34 ± 0.50 24.42 ± 0.50 0.982

Central corneal
thickness (µm) 544 ± 37 537 ± 28 0.287

Heart rate 72.1 ± 4.6 73.5 ± 5.1 0.842
Mean arterial

pressure (mmHg) 90.8 ± 9.5 89.4 ± 11.5 0.333

IOP (mmHg) 16.1 ± 3.1 16.2 ± 2.5 0.471
Mean deviation (dB) −11.03 ± 3.09 −13.15 ± 4.01 0.127

3.2. Repeatability and Reliability

The ICCs of IMV, EMV, ICDisp, and ECDisp for the three continuous scans in the same
region were 0.953, 0.937, 0.917, and 0.914, respectively. The ICCs of IMV, EMV, ICDisp,
and ECDisp for the two images captured on separate days were 0.973, 0.884, 0.913, and
0.782, respectively.

3.3. Difference in MV and CDisp between Healthy and POAG Eyes

The results for pulsatile TM motion in all the recruited eyes are presented in Figure 3.
In both the nasal and temporal areas, MV and CDisp in the internal and external regions
were significantly lower in POAG eyes than in normal eyes (p < 0.001).
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Figure 3. The pulsatile trabecular meshwork (TM) motion in normal and POAG eyes. MV—maximum
velocity; CDisp—cumulative displacement; EMV3—MV in the external region of TM in the nasal
area; EMV9—MV in the external region of TM in the temporal area; IMV3—MV in the internal region
of TM in the nasal area; IMV9—MV in the internal region of TM in the nasal area; ECDisp3—CDisp
in the external region of TM in the nasal area; ECDisp9—CDisp in the external region of TM in the
temporal area; ICDisp3—CDisp in the external region of TM in the nasal area; ICDisp9—CDisp in the
external region of TM in the temporal area. POAG—primary open-angle glaucoma.

In normal eyes, in both the internal and external regions, the MV in the nasal area was
significantly higher than that in the temporal area. The CDisp in the external region of the
TM in the nasal area was much higher than that in the temporal area. However, the CDisp
in the internal region of the TM in the nasal area was similar to the temporal area (Table 2).
Similar to normal subjects, the MVs in the nasal area were significantly higher than those
in the temporal area of the eyes with glaucoma. However, in glaucoma eyes, the CDisp in
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both the external and internal regions of the TM in the nasal area was much higher than
that in the temporal area (Table 3).

Table 3. The pulsatile TM motion in normal and POAG eyes.

Nasal Temporal p-Value

Normal
EMV, µm/s 28.5 ± 6.3 25.2 ± 6.8 0.002
IMV, µm/s 22.8 ± 3.2 19.5 ± 3.7 <0.001
ECDisp, µm 0.341 ± 0.063 0.305 ± 0.064 0.036
ICDisp, µm 0.271 ± 0.063 0.248 ± 0.064 0.253

POAG
EMV, µm/s 16.3 ± 2.2 15.3 ± 1.6 0.085
IMV, µm/s 11.2 ± 1.9 9.7 ± 1.2 0.01
ECDisp, µm 0.231 ± 0.031 0.218 ± 0.021 0.037
ICDisp, µm 0.207 ± 0.038 0.156 ± 0.034 <0.001

TM—trabecular meshwork; POAG—primary open-angle glaucoma; MV—maximum velocity; CDisp—cumulative
displacement; EMV—MV in the external region of TM; IMV—MV in the internal region of TM; ECDisp—CDisp
in the external region of TM; ICDisp—CDisp in the internal region of TM.

Using the diurnal IOP amplitude (IOPhighest–IOPlowest) as a categorical factor, the
glaucoma eyes could be divided into two groups. Twenty eyes had stable IOP, defined
as a diurnal IOP amplitude of ≤8 mm Hg, and ten eyes had fluctuating IOP (>8 mmHg).
The mean IOP amplitudes were 4.0 ± 1.5 mmHg and 9.9 ± 2.2 mm Hg in the stable and
fluctuating groups, respectively. The results showed that, compared with normal subjects,
all the parameters of TM pulsatile motion decreased dramatically in both the stable and
fluctuating groups (p < 0.01) in those with glaucoma. Moreover, the EMV3 (15.1 ± 2.3 µm/s)
and ECDisp3 (0.205 ± 0.021 µm) in the fluctuating group were significantly lower than those
in the stable group (19.9 ± 2.0 µm/s, pEMV3 = 0.031; 0.237 ± 0.030 µm, pECDisp3 < 0.001).

4. Discussion

In this study, we firstly demonstrated the good reliability and repeatability of TM
motion quantification, as previously reported [15]. PhS-OCT was used to characterize
the TM motion change with accommodation [15]. Our results showed that pulsatile TM
motion was reduced in glaucoma compared with normal subjects. The pulsatile motion of
TM originates from the ocular pulse caused by the oscillatory change in choroidal volume
during the cardiac cycle [9]. Pulsatile TM motion reflects TM stiffness, which becomes
abnormal in glaucoma [14,16]. Previously, the PhS-OCT system has been shown to be
able to differentiate POAG from healthy subjects [17]. The study found that parameters
of pulse-dependent TM motion were better able to predict the presence of glaucoma than
measurements of outflow facility, or IOP measurements during clinic hours [17].

In this study, we matched the normal and POAG patients in terms of age, heart rate,
and mean arterial pressure, which potentially correlate with TM motion. Although the IOP
was well controlled with topical medication in the POAG patients, the TM motion was
dramatically reduced nasally and temporally in both the internal and external TM regions.
Recently, Li G et al. reported that, in corticosteroid-treated mice, SC was more resistant to
collapse in elevated IOPs. The study, performed by estimates using inverse finite element
modeling, was consistent with increased TM stiffness [18]. Additionally, Wang K et al.
estimated human TM stiffness by numerical modeling and found that normal TM stiffness
was lower than in glaucoma patients [16].

We also found that the pulsatile TM motion presented differently in different segments.
Motion the in nasal region was much stronger than that in temporal area in both normal
and glaucomatous eyes. However, we did not identify a regional progression difference
of TM regions in glaucoma. Studies have documented that aqueous outflow is not ho-
mogeneous, but segmental [19,20]. Previous studies have reported that aqueous fluid is
predominantly drained in the nasal and inferior quadrants [19]. The segmental labeling
of the TM in multiple studies has provided evidence of regions of preferential aqueous
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outflow in both normal and glaucomatous eyes [21]. The circumference of the TM can
be divided into regions of high, medium, and low flow, based on angiographic imaging
or the distribution of fluorescent microspheres [22]. Moreover, a study showed that TM
stiffness in high-flow wedges was softer than that in low-flow wedges for both normal and
glaucomatous eyes [22].

Many studies have highlighted the importance of stable IOP fluctuations for prevent-
ing the progression of POAG. We found that the TM motion in the external region, next to
SC, decreased dramatically in POAG eyes with high IOP variation during 24 h monitoring,
compared to those with stable diurnal IOP. This high variance of 24 h IOP fluctuation
reflects a loss of normal IOP homeostasis, and suggests the malfunctioning of the aqueous
outflow system. The IOP peak typically occurs at night, reportedly related to the supine
position and changes in ocular pulsations during sleep. The diurnal IOP fluctuation present
in glaucoma, especially the IOP peak, correlates with the progression of visual field defects.

The TM plays a vital role in maintaining IOP homeostasis, reflecting the tissue’s
importance in preserving biomaterial properties, such as stiffness. It has been reported that
pulsatile fluid in the aqueous vein was induced by an IOP increase after a water drinking
test [11], which suggests that TM pumping functions in reaction to IOP variation. Recent
studies report that SC shear stress and TM strain may act together as mechanosensory
factors providing the homeostatic regulation of aqueous outflow and IOP [23]. A feed-
forward loop involving alterations in TM stiffness may exacerbate malfunction of TM
cells with further aberrations of the extracellular matrix of TM beams, the spaces between
beams, and the juxtacanalicular tissue. Our study indicates that reduced TM motion,
reflecting increased stiffness, may be relevant to the abnormal IOP homeostasis of glaucoma.
Moreover, the results showed that the movement of the TM in the external region in
glaucoma eyes with high IOP fluctuation decreased significantly. The external region of
TM measured in this study mainly covered the juxtacanalicular TM region. Decreased
movement indicates the TM becoming stiffer. This leads to the inability of TM to react to
IOP transience, disturbing IOP homeostasis. The relationship between worse pulsatile TM
motion and higher diurnal IOP fluctuation implicates the clinical potential of PhS-OCT for
the differentiation of POAG and the efficient evaluation of POAG treatment.

There are several limitations to this study. (1) We have presented the segmental
difference of TM pulsatile motion in normal and glaucoma subjects. Whether TM pulsatile
motion represents regions that are especially vulnerable to damage requires further study.
(2) The glaucoma subjects recruited in this study were relatively young, and they were
treated with topical medications which might have altered the biomechanical properties of
TM and affected aqueous outflow and IOP in currently unknown ways. Further studies
are needed to compare normal tension glaucoma and healthy controls treated with the
same medication.

5. Conclusions

Our study found segmental TM differences, with the nasal and inferior areas experi-
encing the greatest motion in both normal and glaucomatous eyes. The pulsatile motion
was greater in the external than the internal portion of the TM. Pulsatile TM motion was
decreased in glaucoma eyes compared with normal eyes, and imaging was able to detect
glaucoma patients with large diurnal fluctuations. Imaging pulsatile TM motion may pro-
vide valuable insight into the pathophysiology of the aqueous outflow system in glaucoma.
Imaging TM motion abnormalities may also help identify those at risk for fluctuations in
IOP that are missed by measurements during clinic hours.
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Abstract: Purpose: The aim of this study was to assess the long-term outcomes of canaloplasty surgery
in pseudoexfoliation glaucoma (PEXG) patients. Material and Methods: A total of 116 PEXG patients
with an intraocular pressure (IOP) > 21 mm/Hg and maximum tolerated local medical therapy who
underwent canaloplasty from February 2008 to January 2022 were considered. Every six months,
all subjects underwent a complete ophthalmic examination. The period of follow-up ranged from
2 to 167 months. Inclusion criteria included only patients for whom the entire procedure could be
completed with a follow-up of at least 2 years. Results: Amongst the 116 PEXG patients, the entire
procedure could not be performed in 10 eyes (8.6%), and thus they were not considered in the analysis.
Twenty-three patients did not reach the two-year follow-up and another 16 patients during this time
period were lost. A total of 67 patients with a mean follow-up of 49 ± 32.3 months were considered in
the analysis. The pre-operative mean IOP was 31.2 ± 8.7 mm/Hg (range 20–60). The mean IOP at the
two-year follow-up was 17.2 ± 6.7 mmHg, with a mean reduction from baseline of 44.9%. After two
years, the qualified success rates according to three different criteria (IOP ≤ 21, ≤18 and ≤16 mmHg)
were 80.6%, 73.1% and 61.0%, respectively. The total number of medications used pre- and at the
follow-up at 2 years was 3.5± 0.8 and 1.2± 1.4, respectively. Early complications included: hyphema,
in about 30% of cases; Descemet membrane detachment (4.9%); and IOP spikes > 10 mmHg (9.7%).
A late failure with an acute IOP rise of up to 50 mmHg was observed in 41 cases (61.2%) after
3 to 72 months. Conclusions: Long-term post-operative outcomes of canaloplasty in PEXG patients
appear to be quite good on average; however, an acute rise in IOP can be observed in more than 60%
of the cases after a long period of satisfactory IOP control. For this reason, canaloplasty may not be
suitable in eyes with PEXG, especially in patients with severe functional damage.

Keywords: canaloplasty; non-perforating surgical procedures; pseudoexfoliation glaucoma (PEXG);
Schlemm’s canal; intraocular pressure (IOP)

1. Introduction

Pseudoexfoliation glaucoma (PEXG) is a frequent form of secondary glaucoma due to
deposits of fibrillary material in the juxtacanalicular portion of the trabecular meshwork [1].
It is known that PEXG is more aggressive than primary open-angle glaucoma (POAG)
and scarcely responsive to medical treatment. Intraocular pressure (IOP) is usually higher
and can show elevated spikes in eyes with PEXG compared to POAG, which may lead
to a quicker progression of glaucomatous damage. Trabeculectomy using intra-operative
antimetabolites remains the gold standard procedure in PEXG [2,3], even if the success rate
seems to be lower in comparison with POAG [4,5]. Trabeculectomy is quite easy to perform
and effective in reducing IOP; however, several late and early potentially serious compli-
cations can arise, such as hypotonus, atalamia, bleb infection, choroidal detachment, etc.
Moreover, the scarring of conjunctival tissues, despite the use of antimetabolite drugs, often
leads to a complete failure of this filtering operation over time.
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Canaloplasty is a blebless, non-perforating technique, which became popular several
years ago and involves the positioning and tensioning of a 10-0 prolene suture within
Schlemm’s canal, which is previously dilated using a viscoelastic agent. This surgical
technique can facilitate aqueous outflow through the natural pathways [6–13]. The main
indications for canaloplasty include POAG, juvenile glaucoma and pigmentary glaucoma.
Even if PEXG is generally considered a good indication for canaloplasty, very few studies
have specifically addressed this issue [14–16].

The aim of this paper is to evaluate the long-term outcomes and complications of
canaloplasty in a group of PEXG patients.

2. Materials and Methods

The investigation was based on a retrospective, single-surgeon, observational, non-
randomized study of patients with PEXG. One-hundred-and-sixteen eyes from 116 patients
with uncontrolled pseudoexfoliation glaucoma under maximum tolerated medical therapy
with significant visual field damage progression underwent canaloplasty under local
anesthesia. Surgery was performed by the same surgeon (P.B.) in multi-subspecialty
ophthalmic departments, either at the Department of Ophthalmology in the Azienda
Ospedaliero-Universitaria “Santa Maria della Misericordia” Hospital or the Department
of Ophthalmology in Policlinico “Città di Udine”, in Udine, Italy, from February 2008 to
January 2022.

The investigation was performed in accordance with the tenets of the Declaration of
Helsinki and informed consent was obtained from all participants before surgery. The study
was in compliance with institutional review boards (IRBs) and the HIPAA requirements of
both clinics.

2.1. Inclusion Criteria

Inclusion criteria for this cohort included: patients diagnosed with PEXG having
an IOP ≥ 20 mmHg with maximum tolerated medical therapy, typical optic nerve alter-
ations and functional loss (based on the Glaucoma Staging System 2 (GSS2), ranging from
early to moderate GSS2 stages 1–3) [17]. Visual fields had to show significant progres-
sion of defects in 2 consecutive tests assessed with the Guided Progression Analysis 2
(Carl Zeiss Meditec Inc., Dublin, CA, USA) program. Patients who underwent previous
ocular surgeries (with the exception of cataract surgery) were excluded. Patients with
narrow-angled eyes, other serious eye diseases and unwillingness to undergo surgery were
also excluded. All patients in the analysis were older than 18 years.

2.2. Surgical Technique

All surgeries were performed under local anesthesia. Canaloplasty is widely used
and well-reported in the current literature [6,12]. Briefly, this surgery commences with
a conjunctival fornix-based flap and a 3 × 4 mm superficial scleral flap that is dissected
forward by 1.5 mm into the clear cornea. Surgery continues with the creation of a deep
scleral flap used to open Schlemm’s canal. This flap is then removed. The exposed 2 ostia of
the canal are dilated using hyaluronic acid of high molecular weight (Healon GV, Johnson &
Johnson Surgical Vision, Inc., Santa Ana, CA, USA). A special 200-micron microcatheter is
used which is connected to a flickering red light laser source, useful for easy identification
through the sclera of the distal tip (Nova Eye Medical Limited, Fremont, CA, USA). The
tip is inserted within Schlemm’s canal and pushed forward for the whole 360◦ until it
comes out of the other end. A 10-0 double prolene suture is then tied to the distal tip and
the microcatheter is pulled back and withdrawn in the opposite direction from the canal.
A small amount of viscoelastic agent is delivered during this step in Schlemm’s canal every
two hours of circumference using a special screw-driven syringe. Surgery then involves
knotting the suture under tension to inwardly distend the trabecular meshwork. Using
5 to 7 10-0 vicryl sutures, the superficial scleral flap is then sutured to provide a closure
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that is watertight to avoid any bleb formation. Then, 8-0 vicryl sutures are used to close the
conjunctival flap to complete the surgery.

2.3. Main Outcome Measures

Every 6 months, all patients underwent a complete ophthalmic examination that
included slit lamp examination, Goldmann applanation tonometry IOP measurement,
fundus examination using a 78 D Volk lens, best corrected visual acuity (BCVA) with visual
field testing (Humphrey Field Analyzer 24-2 SITA standard test) and gonioscopy.

The definition of success was based on three different criteria: post-operative
IOP ≤ 21 mmHg, ≤18 mmHg and ≤16 mmHg, without any medical treatment (“complete
success”) or with or without medical treatment (“qualified success”). The number of local
medications taken before and after canaloplasty and the early and late complications were
also taken into consideration.

In order to assess the long-term outcomes of canaloplasty, only patients with a mini-
mum follow-up of 2 years for whom the full technique was successfully completed were
taken into consideration.

3. Results

The whole standard surgical technique of canaloplasty could not be performed in
10 eyes (8.6%) due to the impossibility of cannulating the entire 360◦ of Schlemm’s canal.
In these cases, surgery was converted either in viscocanalostomy, which was carried out
by injecting viscoelastic agent up to the intracanalicular obstacle, or in deep sclerectomy,
whereby two nylon 10-0 stiches were used to suture the superficial scleral flap. These
eyes were not included in the analysis. Twenty-three patients did not reach the two-year
follow-up and another 16 patients were lost during follow-ups. A total of 67 patients
(33 woman and 34 men) met the inclusion criteria and were considered in the analysis
(mean age: 67.8 ± 12.5 years; range: 49 to 82 years). Six patients were treated with a
combination of prostaglandin and timolol. Fifty-seven were using three to four topical
medications (prostaglandin + timolol + dorzolamide + brimonidine) and four also used
oral carbonic anhydrase inhibitors. Thirty-seven (55.2%) were pseudophakic. The best
corrected visual acuity in decimal points ranged between 0.6 to 1.0 (mean 0.8). The optic
disc showed glaucomatous cupping, ranging between 0.6 and 0.9 (mean cup/disc ratio 0.7).
Visual field damage ranged between stage 1 and stage 3 of the Glaucoma Staging System,
with a mean deviation ranging between −1.2 dB and −13.6 dB. The follow-up time ranged
from 24 to 167 (mean 58.9 ± 28.8) months. The mean pre-operative IOP was 31.2 ± 8.7,
ranging from 20 to 60 mmHg. After 24 months, the mean IOP was 17.2 ± 6.7 mmHg, with
a reduction from baseline in mean IOP of 44.9%. The mean IOP values over a period of
7 years at various follow-up sessions are reported in the box plot diagram (Figure 1).

The scatter plot in Figure 2 shows the pre-operative IOP and post-operative IOP values
after 2 years.

The qualified and complete success rates based on the three different IOP cut-offs after
2, 3 and 4 years are reported in Tables 1 and 2.

The number of medications used pre- and at the 2, 3, and 4-year follow-ups were
3.5 ± 0.9, 1.2 ± 1.4, and 1.3 ± 1.3, and 1.9 ± 1.3 respectively. A Wilcoxon matched-pairs
signed-rank test revealed statistically significant reductions at all time points (p < 0.001).

Gonioscopy at each follow-up confirmed that the prolene suture was still in the right
position within Schlemm’s canal for the whole follow-up period, with the exception of
one eye in which the tensioned prolene caused suture cheese-wiring through trabecular
meshwork after surgery without any further complications.

Post-operative complications occurring early (within 4 weeks after surgery) included:
hyphema in 14 eyes (34.1%), which completely reabsorbed within one week; hypotonus
(IOP < 5 mm/Hg) in one eye (2.4%), in which the IOP returned to normal values (16 mmHg)
in a couple of weeks; detachment of Descemet membrane in 2 eyes (4.9%), which sponta-
neously reattached without the need to be drained in one month; and IOP spikes > 10 mmHg
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in 4 eyes (9.7%). In the latter cases, no medical treatment was added in order to reduce IOP,
a part one case, where acetazolamide tablets to be taken three times/day were prescribed
for a few days. In all these four eyes, the IOP spontaneously dropped under 18 mmHg
after about a month. A transient visual acuity decrease was reported in several patients
within a few weeks after surgery which was brought on by induced according to-the-rule
astigmatism that tended to disappear within one month. A late failure with an abrupt IOP
rise, with values ranging between 26 and 50 mmHg, was observed after 3 to 72 months in
41 cases (61.2%). The number of these elevated IOP cases observed during the follow-up
is reported in Figure 3. In 17 cases, it was possible to control IOP either with medical
treatment or with selective laser trabeculoplasty, while in 22 eyes a trabeculectomy using
the previous scleral flap was performed with good results in 18 cases (81.8%). In one case,
we performed an ab interno trabeculotomy, stripping the prolene suture under gonioscopic
control. In another case, a diode laser cyclophotocoagulation was performed. These last
two patients were well controlled with medical therapy.
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Table 1. Qualified success rates after 2, 3 and 4 years.

Post-operative IOP

≤ 21 mmHg ≤ 18 mmHg ≤ 16 mmHg

After 2 years (67 eyes) 54 (80.6%) 49 (73.1%) 41 (61.2%)
After 3 years (54 eyes) 50 (92.6%) 43 (79.6%) 31 (57.4%)
After 4 years (42 eyes) 35 (83.3%) 29 (69.0%) 23 (54.8%)

IOP: Intraocular pressure.

Table 2. Complete success rates after 2, 3 and 4 years.

Post-operative IOP

≤ 21 mmHg ≤ 18 mmHg ≤ 16 mmHg

After 2 years (67 eyes) 28 (41.8%) 26 (38.8%) 24 (35.8%)
After 3 years (54 eyes) 22 (40.7%) 20 (37.0%) 14 (25.9%)
After 4 years (42 eyes) 9 (21.4%) 9 (21.4%) 9 (21.4%)
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4. Discussion

Surgery is often required to reduce ocular hypertension and limit damage progression
in PEXG patients, especially considering that functional damage can be rapid and severe in
PEXG patients [18–20]. In eyes with advanced visual field loss, very low post-operative
IOP values are needed to preserve the remnants of vision. Only filtering procedures, such
as trabeculectomy or ExPress implant using antimetabolites, can offer these low IOP values
and should be the preferred choice in these patients [21].

In selected patients who show mild to moderate functional damage, however, minimally
invasive glaucoma surgery (MIGS) techniques, such as i-Stent implant [22], gonioscopy-
assisted transluminal trabeculotomy [23,24] and XEN gel implant [25,26], can be taken
into consideration. Non-perforating techniques, such as deep sclerectomy [27–30] or
canaloplasty, may be an interesting alternative, considering the higher hypotensive efficacy
when compared to MIGS and the lower rate of complications compared to trabeculectomy.

One of the main advantages of canaloplasty is that this type of surgery reduces IOP
without requiring the formation of a filtering bleb [31]. For this reason, canaloplasty could
be a viable option in selected patients having a high risk of conjunctival bleb failure with
filtrating surgery, which is typically seen in eyes that have been treated with multiple
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local drop therapy for numerous years. This issue, however, needs further investigation
considering the lack of studies in the current literature in this field. Another important
advantage of this surgical option is the simplified follow-up and lower post-operative
complication rates compared to the relatively high number of manipulations for blebs
required after trabeculectomy (up to 78.2% of cases) [32].

The drawbacks of canaloplasty include the need for specific and expensive instru-
mentation and a steep learning curve. Another disadvantage, especially for beginners, is
the proper cannulation of Schlemm’s canal, which can be difficult or not fully achieved in
some cases. Canaloplasty, however, can be easily converted into a viscocanalostomy or a
deep sclerectomy in these cases. In eyes that show mid-term failure after a successfully
performed canaloplasty, a goniopuncture with YAG laser can be considered. In cases that
do not show a sufficient reduction in IOP after canaloplasty and/or where medical therapy
is not well tolerated or insufficient for lowering IOP, either a trabeculectomy or an implant
of a drainage tube should be considered [33].

It is important to point out that in our cohort more than 60% of the PEXG eyes had an
abrupt rise in IOP after years of satisfactory IOP stabilization. This long-term post-surgical
complication, which is of utmost importance in these eyes at risk of functional progression,
is poorly documented in the current literature [34]. According to our experience, this
complication is more frequently observed two to four years after surgery.

The pathogenetic mechanisms behind such a late complication are not well known
and need to be addressed in future studies. One possible reason could be related to
the continuous production and accumulation of pseudoexfoliative material in the angle
structures which can occlude the existing compromised aqueous humor outflow pathways
after a short period of time, which may be due to the physiopathological mechanisms
of the disease and by the effects of numerous years of medical drugs. This hypothesis is
supported by the observation that a similar late IOP rise can be found only in 13.7% of
POAG eyes (personal unpublished data obtained from a cohort of 117 POAG patients with
a similar follow-up period who underwent canaloplasty performed by the same surgeon).
The prolene suture inside Schlemm’s canal could also be involved in the scarring process
leading to the increase in outflow resistance.

Future studies based on ultrasound biomicroscopy, preferably with 80 MHz transduc-
ers, or high-resolution anterior segment OCT [35,36], could help clarify, at least in part, the
anatomical changes in Schlemm’s canal and in the trabecular meshwork in eyes showing
long-term surgical failures. Histological studies conducted on human trabecular mesh-
work specimens could definitely provide a better comprehension behind the pathological
post-operative induced structural changes in these eyes.

The onset of important IOP spikes can give rise to acute signs and symptoms in these
patients, especially if IOP reaches high values. Urgent trabeculectomy can usually be effec-
tive in normalizing IOP in these situations, especially considering that the conjunctiva tends
to in good condition after a long period without local medical treatment. Unfortunately, in
some cases, this rise in IOP can be slower and less pronounced and can go totally unno-
ticed, leading to a worsening of the damage already present, which can cause a potentially
devastating visual impairment. Based on these clinically important considerations and
the post-surgical risks involved, all patients with PEXG who have undergone canaloplasty
should be carefully managed and thoroughly monitored for life

Our study has several limitations, the most important being that it is based on ret-
rospective results for a cohort of eyes and that a control group was not considered. The
aim of our study, however, was not comparative in nature but to assess the long-term
effectiveness of canaloplasty in pseudoexfoliation glaucoma, especially with regard to
possible late complications of this procedure. The IOP cut-off values for the definition of
success based on IOP values reported in the Methods section are not standardized and
widely applicable in clinics; however, they have been used in several studies and are based
on criteria reported in the World Glaucoma Association Guidelines published in 2009 [37].
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The study adds to the very limited current literature in this field and could be of
clinical importance to clinicians when managing post-surgical canaloplasty patients with
PEXG. Our results may help pave the way to future studies regarding physiopathological
mechanisms behind acute IOP spikes in these patients, which could be due to decreased
outflow related to the effects of the prolene suture in Schlemm’s canal. This could be of
importance in those eyes with existing compromised angular tissue structures because of
the long-term effects of PEX deposits, in addition to the cumulative side effects of numerous
years of local medication. Comparative prospective studies based on traditional canalo-
plasty and surgery involving viscodilation of Schlemm’s canal without the positioning of
a prolene suture (i.e., ab interno canaloplasty) could be useful in clarifying the potential
effects on outflow mechanisms.

5. Conclusions

Canaloplasty is a very interesting and fascinating surgical technique, which can offer
good results, especially in POAG, juvenile and pigmentary glaucoma with very high
IOP. The long-term outcomes in patients with PEXG may seem satisfactory at first glance,
considering that canaloplasty can maintain post-operative IOP values at physiological
values for numerous years in most cases. Unfortunately, our study showed that more than
60% of cases can develop an abrupt rise in IOP occurring several years after surgery. In
some cases, these spikes can go unnoticed upon onset or be detected considerably late,
leading to a potentially dramatic progression of the functional damage.

In order to limit the serious risks related to potential undetected IOP elevations after
surgery, canaloplasty should either be avoided in PEXG eyes or only considered as a
possible option in selected patients having a high risk of failure with filtrating surgery.
These patients need to be carefully assessed after canaloplasty, even if it is apparently
successful, and should be clearly informed about the advantages and potential risks of
this surgical procedure. Moreover, patients need to be educated about the acute signs and
symptoms of IOP spikes and be informed of the possible need for future filtrating surgery.
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Abstract: Topical glucocorticoids are a well-known risk factor of intraocular pressure (IOP) elevation
in one third of the general population and in up to 90% of glaucomatous patients. Whether this
steroid response is caused by intranasal, inhaled or systemic glucocorticoids, is less known. This
study presents an overview of the current literature on the topic, thereby providing guidance on when
ophthalmological follow-up is indicated. A literature study was performed in Medline, and 31 studies
were included for analysis. Twelve out of fourteen studies discussing intranasal glucocorticoids
show no significant association with an elevated IOP. Regarding inhaled glucocorticoids, only three
out of twelve studies show a significant association. The observed increase was either small or was
only observed in patients treated with high inhaled doses or in patients with a family history of
glaucoma. An elevated IOP caused by systemic glucocorticoids is reported by four out of the five
included studies, with one study reporting a clear dose–response relationship. This review concludes
that a steroid response can be triggered in patients treated with systemic glucocorticoids. Inhaled
glucocorticoids may cause a significant IOP elevation when administered in high doses or in patients
with a family history of glaucoma. At present, there is no evidence for a clinically significant steroid
response caused by intranasally administered glucocorticoids.

Keywords: glucocorticoids; safety profile; intranasal administration; inhaled administration; systemic
administration; intraocular pressure; steroid response

1. Introduction

Glaucoma is defined as a chronic progressive optic neuropathy with corresponding
visual field defects and structural changes at the optic nerve head [1]. The most important
risk factor for glaucoma development and progression is an elevated intraocular pressure
(IOP), and depending on the cause of IOP elevation, different disease entities are described.
Most glaucoma cases present as primary open angle glaucoma, in which the eye shows
an elevated IOP with an open anterior chamber angle, without any underlying condition.
Nevertheless, a smaller portion of patients present with secondary glaucoma, where an
underlying cause for the IOP elevation can be identified. Treating the cause in such patients
can prevent further glaucomatous damage to the optic nerve. Multiple causes of secondary
IOP elevation have been identified, most importantly ocular inflammation and trauma,
pigment dispersion and exfoliation, neovascularization, dense cataract formation, corneal
pathologies and the use of glucocorticoids [2].

Since 1951, a steroid response is known as the ability of glucocorticoids to increase
IOP [3]. However, the mechanisms by which this phenomenon is established still remain
unclear to date. Three contributing factors have been identified. First, glucocorticoids have
been demonstrated to alter the trabecular meshwork microstructure by causing cross-links
in the actin fiber network [4]. Second, they stimulate the deposition of extracellular matrix
components such as collagen and fibronectin in the juxtacanalicular region, contributing to
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an increased outflow resistance [5]. Finally, steroids reduce the breakdown of substances in
the trabecular meshwork by inhibiting cellular phagocytotic activity, reducing arachidonic
acid metabolism and reducing the activity of degradation enzymes such as metallopro-
teinases, stromelysin and tissue plasminogen activator [6]. All of these mechanisms cause
an increase in aqueous humor outflow resistance in the trabecular meshwork, which is the
key factor in the pathophysiology of glucocorticoid-induced IOP elevation.

Whether or not an individual patient is susceptible to develop a steroid response
depends on both drug-related and patient-related factors. The administered dose and dura-
tion of glucocorticoid intake play an important role, and due to different pharmacokinetic
and pharmacodynamic properties, different glucocorticoid classes have different risks of
developing a steroid response [7]. Dexamethasone is a potent glucocorticoid and therefore
a more frequent cause of a steroid response [8]. Prednisolone is considered safer, although
associations with a higher IOP were also described [8]. Glucocorticoids with the lowest
effect on IOP are Fluorometholone, Medrysone, Rimexolone and Loteprednol [8].

Only one third of the general population is a steroid responder, showing an increased
IOP after using topical glucocorticoids for two weeks or more [9–11], which reflects the
interindividual differences in susceptibility. In contrast to the general population, the
percentage of steroid responders rises to more than 90% for patients with pre-existing
primary open-angle glaucoma [10,11]. In the pediatric population, the incidence of a
steroid response is comparable to the general adult population, with some studies even
describing a more frequent occurrence of the phenomenon in children [8,12]. Steroid
response in children has an earlier onset and a more rapid progression than in adults,
with some individuals developing an increased IOP after only one day of glucocorticoid
intake [8]. Moreover, glaucomatous damage to the optic nerve can be more severe than in
the adult population [13]. Considering that a steroid response can develop rapidly without
obvious symptoms, it is crucial that clinicians have a proper knowledge of the possible
harming effects of glucocorticoids in order to detect an elevated IOP or glaucomatous
damage to the optic nerve in an early stage.

In contrast to this well-established steroid response caused by topical ocular gluco-
corticoids, it is much less clear whether glucocorticoids administered by other routes also
cause a steroid response. Since intranasal glucocorticoids are the main treatment of various
inflammatory otolaryngeal and nasopharyngeal conditions, such as different phenotypes
of rhinitis, sinusitis, and associated headaches, the question arises of whether the ocular
side-effects are also caused by glucocorticoids administered by this route [14,15]. The aim of
this study is to present a clear overview of the existing literature on the effects of intranasal,
inhaled and systemic glucocorticoids on IOP up until 2022 and to provide guidance on
when additional monitoring of IOP is indicated.

2. Methods

We conducted a systematic literature search in Medline, using PubMed as the search
engine. The search was performed for the last time on 14 February 2022. All papers identi-
fied through database screening were assessed for eligibility for inclusion independently
by two review authors. The PRISMA 2020 flow diagram was used for the identification,
screening and inclusion of articles, which is graphically depicted for each glucocorticoid ad-
ministration route separately in Figures 1–3. A detailed overview of MeSH-terms (medical
subject headings) and search algorithms used is described in Table 1.

Before applying inclusion and exclusion criteria, this strategy yielded 38 results for
intranasal glucocorticoids, 33 results for inhaled glucocorticoids and 57 results for systemic
glucocorticoids. After the identification of these studies, they were screened for relevance,
based on the PICO(TS) framework (patients, intervention, comparison, outcome, timing,
setting) (Table 2). First, this was carried out by title and abstract, and for all articles
considered relevant by title and abstract, a full-text assessment was carried out to determine
eligibility for inclusion in this review. All original study types were included. Reviews,
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meta-analyses, case reports, case series and animal studies were excluded. Studies not
published in English were also excluded.
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Table 1. Search algorithms for each category of glucocorticoid administration.

Administration Form Search Algorithm

Intranasal glucocorticoids

Search 1
(“Administration, Intranasal”(Mesh) OR “Nasal Sprays”(Mesh)
OR “Nasal Lavage”(Mesh)) AND (“Glucocorticoids”(Mesh) OR
“Steroids”(Mesh)) AND “Intraocular Pressure”(Mesh)

Search 2

(“Rhinitis/drug therapy”(Mesh) OR “Sinusitis/drug
therapy”(Mesh)) AND (“Glucocorticoids”(Mesh) OR
“Anti-Inflammatory Agents”(Mesh) OR “Steroids”(Mesh)) AND
(“Intraocular pressure”(Mesh) OR “eye/drug effects”(Mesh) OR
“glaucoma”(Mesh) OR “ocular hypertension”(Mesh))

Inhaled glucocorticoids

Search 1

(“Administration, Inhalation”(Mesh) OR “Nebulizers and
Vaporizers”(Mesh) OR “Respiratory Therapy”(Mesh) OR
“Respiratory Tract Absorption”(Mesh)) AND
(“Glucocorticoids”(Mesh) OR “Steroids”(Mesh)) AND
(“Intraocular Pressure”(Mesh) OR “glaucoma”(Mesh) OR “ocular
hypertension”(Mesh))

Systemic glucocorticoids

Search 1

(“Administration, Oral”(Mesh) OR “Capsules”(Mesh) OR
“Tablets”(Mesh)) AND (“Glucocorticoids”(Mesh) OR
“Steroids”(Mesh)) AND (“Intraocular Pressure”(Mesh) OR
“glaucoma”(Mesh) OR “ocular hypertension”(Mesh))
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Table 2. PICO(TS) framework for the literature search.

Patients People with any medical condition requiring intranasal, inhaled
or systemic glucocorticoid therapy.

Intervention A treatment with intranasal, inhaled or systemic glucocorticoids.

Comparison No treatment with intranasal, inhaled or systemic glucocorticoids.

Outcome Intraocular pressure elevation.

Using the search terms mentioned above for the effect of intranasal glucocorticoids
on IOP, the search yielded 38 results (Figure 1). Two other articles discussing the effect
of intranasal glucocorticoids on IOP resulted from the search on inhaled glucocorticoids
and were therefore also included here [16,17]. For intranasal glucocorticoids, we used
two different combinations of search terms (Table 1) that yielded 8 overlapping studies,
for which the duplicates were removed. The process of inclusion and exclusion of studies
discussing intranasal glucocorticoids is demonstrated in Figure 1.

Using the search terms listed above for the effect of inhaled glucocorticoids on IOP,
the search in Medline resulted in 33 studies (Figure 2). Two relevant papers were not
retrievable online, and therefore a paper copy was retrieved from the library of the Faculty
of Medicine, KU Leuven, Leuven, Belgium [17,18]. The further process of study selection is
demonstrated in Figure 2.

Using the search terms for systemic glucocorticoids listed in Table 1, we retrieved
57 papers. The further process of study selection is demonstrated in Figure 3.

3. Results

After applying the inclusion and exclusion criteria for the study selection, we included
14 studies that discuss the effects of intranasal glucocorticoids on IOP, 12 discussing inhaled
glucocorticoids, and five discussing systemically administered glucocorticoids.

3.1. Intranasal Glucocorticoids

An overview of the articles that discuss intranasally administered glucocorticoids
is depicted in Table 3. Among the 14 included studies, 11 did not show any correlation
between the use of intranasal glucocorticoids and an increased IOP [16,17,19–27]. In contrast
to this finding, Bui et al. (2005) retrospectively reviewed twelve glaucoma patients taking
intranasal glucocorticoids and found that the average IOP increased by 2.6 mmHg during
steroid treatment compared with the pre-steroid examination (p = 0.007) [28]. In addition,
after stopping the treatment with intranasal glucocorticoids, they observed a significant
decrease in IOP (p = 0.011) [28]. The cross-sectional study conducted by Manji et al. in 2017
also suggests there is an increased risk of IOP elevation in long-term users of intranasal
budesonide (administered daily for at least six months) [29]. Six percent of patients showed
an increased IOP, although no significance level was mentioned [29]. More recently, the
cross-sectional study by Mohd Zain et al. (2019) showed a significantly higher IOP in
prolonged users of intranasal glucocorticoids for allergic rhinitis [30]. The rise of IOP was
small (1.3 mmHg with a 95% confidence interval (CI) (0.72–1.9)), and no differences were
shown in the cup–disc ratio. Exact treatment doses were not mentioned, but all patients
received one or two puffs of intranasal momethasone, fluticasone or beclomethasone for an
average of 5.42 years.

Table 3. Overview of the articles discussing intranasal glucocorticoid administration.

Study Study Type
(Evidence Level)

Patients
Included

Age
(Years) Steroid + Daily Dose IOP Increase?

Mohd Zain et al.,
2019

Cross-sectional
case control (3B) 95 10–40

Momethasone
Fluticasone

Beclomethasone
Yes
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Table 3. Cont.

Study Study Type
(Evidence Level)

Patients
Included

Age
(Years) Steroid + Daily Dose IOP Increase?

Bui et al.,
2005 *

Retrospective Chart
Review (4) 12 35–83 variable Yes

Manji et al.,
2017

Cross-sectional
observational (4) 100 >19 Budesonide 500 µg Possible

Martino et al.,
2015

Retrospective
descriptive (4) 10 15–85 Dexamethasone 800 µg No

Yuen et al.,
2013 *

Randomized
Controlled Trial (1B) 19 18–85 Beclomethasone 400 µg No

Man et al.,
2013

Prospective
observational (4) 23 >18 Fluticasone 3000 µg a No

LaForce et al.,
2013

Randomized
Controlled Trial (1B) 548 >12 Fluticasone 110 µg No

Seiberling et al.,
2013

Prospective
observational (4) 18 >18 Budesonide 500 µg a No

Ozkaya et al.,
2011

Cross-sectional
case control (3B) 240 7–15 Budesonide 100 µg No

Spiliotopoulos
et al., 2007

Prospective
observational (4) 54 22–55 Dexamethasone 20 µg No

Chervinsky
et al., 2007

Randomized
Controlled Trial (1B) 663 ≥12 Ciclesonide 200 µg No

Bross-Soriano et al.,
2004

Prospective
comparative (4) 360 18–60

Fluticasone 200 µg
Mometasone 200 µg

Beclomethasone 400 µg
No

Öztürk et al.,
1998

Prospective
observational (4) 26 18–66 Budesonide 400 µg

Beclomethasone 400 µg No

Garbe et al.,
1997

Retrospective case
control (3B) 48,118 >66

Fluticasone < or ≥200 µg
Flunisolide < or ≥200 µg

Beclomethasone < or ≥400 µg
Budesonide < or ≥400 µg

Triamcinolone < or ≥400 µg

No

* Studies including patients with pre-existing glaucoma. a Glucocorticoid doses were added to a 240 mL saline
solution for administration by intranasal irrigation.

3.2. Inhaled Glucocorticoids

In Table 4, all included articles that discuss inhaled glucocorticoids are shown, among
which three show an association with increased IOP. Mitchell et al. (1999) demonstrated an
association between the use of inhaled glucocorticoids and an increased IOP in patients
with a family history of glaucoma (odds ratio (OR) 3.1 with 95% CI (1.3–7.6)), although this
association was not confirmed for people without such a family history [31]. Garbe et al.
conducted a large case control study in 1997, showing a significantly increased risk of ocular
hypertension or glaucoma in patients receiving high doses of inhaled glucocorticoids for at
least three months continuously (OR 1.44 with 95% CI (1.01–2.06)). More recently, the cross-
sectional case control study by Shroff et al. (2018) showed a higher IOP in chronic users
of inhaled glucocorticoids (800 µg Budesonide or equivalents) compared to controls [32].
The difference in IOP was statistically significant (p < 0.001), although it was small: the
observed pressure was 15.31 ± 3.27 mmHg for the inhaled glucocorticoid group versus
13.39 ± 1.95 mmHg for the control group. The study conducted by Nath et al. in 2017
showed 57 out of 405 subjects to have had an IOP higher than 22 mmHg after the intake of
inhaled glucocorticoids, although no mention of statistical significance was made [33]. The
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eight remaining articles did not show any significant effect of inhaled glucocorticoids on
IOP [11,18,34–39].

Table 4. Overview of the articles discussing inhaled glucocorticoid administration.

Study Study Type
(Evidence Level)

Patients
Included

Age
(Years) Steroid + Daily Dose IOP Increase?

Shroff et al.,
2018

Cross-sectional case
control (3B) 400 18–89 Budesonide 800 µg or

equivalents Yes

Mitchell et al.,
1999

Cross-sectional
observational (4) 3654 49–97

Beclomethasone
≤2 puffs

>2 to ≤4 puffs
>4 puffs

Yes a

Garbe et al.,
1997

Retrospective case
control (3B) 48,118 >66

Low versus high dose exposure:
Beclomethasone < or ≥1600 µg

Budesonide < or ≥1600 µg
Triamcinolone < or ≥600 µg
Flunisolide < or ≥1500 µg

Yes b

Nath et al.,
2017

Prospective
observational (4) 405 >50 Fluticasone equivalents c Possible

Kerwin et al.,
2019

Randomized Controlled
Trial extension (1B) 456 40–80 Budesonide 320 µg No

Moss et al.,
2017 *

Randomized Controlled
Trial (1B) 22 18–85 Fluticasone 500 µg No

Alsaadi et al.,
2012

Prospective
observational (4) 93 5–15 Fluticasone 250 µg No

Johnson et al.,
2012 *

Retrospective case
control (3B) 170 Not specified Not specified No

Gonzalez et al.,
2010

Retrospective case
control (3B) 15,736 ≥66 Fluticasone equivalents d No

Behbehani et al.,
2005

Prospective
observational (4) 95 <12 Budesonide 100–1050 µg

Beclomethasone 100–1050 µg No

Duh et al.,
2000

Randomized Controlled
Trials (1B) 1255 6–70 Budesonide 200–1600 µg No

Samiy et al., 1996 Prospective
observational (4) 187 20–79 Not specified No

a IOP elevation only in patients with a family history of glaucoma. b IOP elevation only in patients receiving
high doses continuously for at least 3 months. c Doses of different glucocorticoids were expressed as fluticasone
equivalents: Low: 1–250 µg; Intermediate: 251–500 µg; High: 501–1000 µg. d Doses of different glucocorticoids
expressed as fluticasone equivalents: Low: <500 µg; Intermediate: 500–999 µg; High: ≥1000 µg. * Studies
including patients with pre-existing glaucoma.

3.3. Systemic Glucocorticoids

An overview of the included articles that discuss systemically administered gluco-
corticoids is depicted in Table 5. Four studies described a correlation between systemic
glucocorticoids and an increased IOP. Prasad et al. (2019) prospectively observed 33 chil-
dren with auto-immune hepatitis, for whom a treatment with systemic prednisone was
started at the time of diagnosis [40]. An elevated IOP, defined as a value of ≥20 mmHg or
an elevation of ≥6 mmHg compared to baseline IOP, was observed in 20 children (61%)
after one month of treatment (p < 0.001). There was no difference in initial prednisone dose
or total cumulative dose for patients who did or did not present with an elevated IOP [40].
Second, Kaur et al. (2016) retrospectively reviewed 150 patients of a pediatric glaucoma
clinic and found that 36 (24%) cases were steroid-induced [41]. However, they included
patients receiving topical or oral glucocorticoids, and only 12 received oral glucocorticoids
alone. No significantly different effect on IOP was shown between orally and topically
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administered glucocorticoids [41]. Garbe et al. (1997) performed a retrospective case con-
trol study that proved IOP to be elevated compared to baseline in current users of oral
glucocorticoids older than 65 (OR 1,41 with 95% CI (1.22–1.63)) [42]. They also discovered a
dose–response relationship, in which the increase in IOP was narrowly significant for daily
doses under 80 mg of hydrocortisone (OR 1.26 with 95% CI (1.01–1.56) for doses under
40 mg and OR 1.37 with 95% CI (1.06–1.76) for doses from 40 to 80 mg), but the response
became clearer at daily doses higher than 80 mg (OR 1.88 with 95% CI (1.40–2.53)) [42].
Finally, in the cross-sectional study performed by Gaur et al. in 2014, 11% of the exam-
ined children with nephrotic syndrome developed an increased IOP after receiving oral
glucocorticoids for at least six months [43]. There was no significant association between
the administered dose or the duration of glucocorticoid intake and raised IOP [43]. Only
cumulative glucocorticoid doses are mentioned in this study, which means that the exact
dose delivered on a daily basis remains unclear.

Table 5. Overview of the articles discussing systemic glucocorticoid administration.

Study Study Type
(Evidence Level)

Patients
Included

Age
(Years) Steroid + Daily Dose IOP Increase?

Prasad et al.,
2019 Prospective cohort (2B) 33 1–18 Prednisone 1–2 mg/kg/day,

tapered after 2–4 weeks Yes

Kaur et al.,
2016

Retrospective
observational (4) 150 <12 Not specified Yes

Gaur et al.,
2014

Cross-sectional
observational (4) 82 4–18 Not specified Yes

Garbe et al.,
1997

Cross-sectional case
control (3B) 48,118 >65 Hydrocortisone equivalents a Yes

Gomes et al.,
2014

Cross-sectional case
control (3B) 106 >18

Variable, expressed as
prednisone equivalents

<10 mg
No

a Doses of different glucocorticoids were expressed as hydrocortisone equivalents: Low: <40 mg; Intermediate:
40–79 mg; High: ≥80 mg.

Only one study did not show a correlation between the intake of systemic glucocorti-
coids and an increased IOP. Gomes et al. (2014) found no correlation in patients with mixed
connective tissue disease (MCTD) treated with low doses of prednisone (<10 mg daily for
at least 6 months) [44].

4. Discussion

Since 1951, glucocorticoids are known to have the side effect of causing an increased
IOP [3]. In contrast to topical ocular glucocorticoids, which are well known to cause a
steroid response in a significant part of the general population [9,10], it is much less clear
whether the same effect is to be expected for patients using intranasal, inhaled, or systemic
glucocorticoids. A number of disquieting case reports on this topic have been published in
the past, raising concerns about the possible ocular side effects following the administration
of steroids by these routes. Opatowsky et al. (1995) described three patients, aged 60, 61
and 71, that developed ocular hypertension after starting therapy with beclomethasone
diproprionate, administered by inhalation or nasal spray [45]. Second, Desnoeck et al.
(2001) reported the case of an eight-year-old girl with bronchial asthma, treated with
budesonide nasal spray 100 µg/day and budesonide inhalator 200 mg/day, in which ocular
hypertension was discovered after two years of therapy [46]. Tham et al. (2004) described
the case of a nine year old girl with leukemia that developed ocular hypertension after
taking oral dexamethasone for only eight days [47]. Almost all patients described returned
to an IOP within normal range after discontinuation of the glucocorticoid alone; only one
patient needed IOP-lowering eyedrops. In addition to these examples, multiple other
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case reports and case series on the subject have been published [48–51]. These reports
suggest the need for clear clinical guidance regarding the ophthalmological follow-up of
glucocorticoid users. This review provides a relevant overview of the existing literature on
the subject up until 2022 and serves as a first step toward a guideline for clinical practice.

4.1. Intranasal Glucocorticoids

Intranasal glucocorticoid administration specifically targets the nasal mucosa, which
is the site where maximal drug effects are intended. As for all other topical administration
forms, high local concentrations can be obtained without administering high systemic doses,
and the amount of systemic adverse effects correlates with the drug fraction eventually
reaching the systemic circulation. For intranasal glucocorticoids, this depends mostly on the
absorption from the gastro-intestinal tract mucosa after swallowing [7]. The extent to which
absorption from the upper airway mucosa contributes to the fraction reaching systemic
circulation is almost negligible: Daley-Yates et al. (2001) measured a bioavailability of 44%
for beclomethasone monopropionate, which fell to less than 1% after the administration
of oral charcoal to exclude gastro-intestinal absorption [52]. This low absorption fraction
from the upper airway mucosa can be explained by both the mucociliary transport toward
the nasopharynx and the relatively small absorption surface [7]. The bioavailability of
intranasally administered glucocorticoids depends on both the intestinal absorption and
the liver’s first pass effect, and it varies from under 1% (for fluticasone propionate) to 41%
(for beclomethasone propionate) [7].

Different administration modalities are available for the use if intranasal glucocor-
ticoids, among which intranasal sprays, intranasal drops, and high-volume intranasal
irrigation solutions are most widely used. Although the efficacy of these different ad-
ministration forms can be similar for certain diseases, one should always consider every
patient individually to determine the most appropriate regimen, based on factors such as
the inflammation phenotype, bioavailability, dosage, cost, tolerability and side effects [53].

Among the fourteen articles included in our review that discuss the use of intranasal
glucocorticoids, twelve describe an administration by nasal sprays, of which nine show
no correlation with increased IOP. Manji et al. (2017) noticed a possible correlation in
their cross-sectional study, however they did not mention statistical significance [29].
Only two studies report a significant effect of intranasal glucocorticoids on IOP. Bui et al.
(2005) was the first study to report this, although some study characteristics need to be
taken into account. Their study sample consisted of only twelve patients, making it the
second smallest sample of all fourteen included studies. Patients were also taking a wide
variety of nasal glucocorticoid sprays with different potencies and in different doses,
making it impossible to draw straightforward conclusions from this study alone. The
more recent cross-sectional study of Mohd Zain et al. (2019) reports a significantly higher
IOP in patients with allergic rhinitis, treated chronically with intranasal glucocorticoids
(mean 5.42 years, standard deviation 3.22 years). The observed difference in IOP was—
however significant—very small (1.30 mmHg, 95% CI (0.72–1.90)). Moreover, no significant
differences in vertical cup–disc ratio were noticed; thus, the clinical relevance of this small
IOP elevation can be debated.

The remaining two studies concerning intranasal glucocorticoids describe patients
receiving high-volume intranasal irrigations, in which glucocorticoids were added to a
240 mL saline solution [22,24]. None of the studies discussing these irrigations showed an
association with raised IOP.

As twelve out of the fourteen included studies do not show any significant association
between the administration of intranasal glucocorticoids and elevated IOP, and considering
the pharmacokinetic properties of intranasal glucocorticoids, we conclude that they can
be used safely in clinical practice. Generally, no supplementary ophthalmological controls
are needed, although clinicians should always consider each patient individually at the
commencement of therapy, and risk factors for steroid response (such as pre-existing
glaucoma) should be taken into consideration.
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4.2. Inhaled Glucocorticoids

Inhaled glucocorticoids are administered topically to the lower airway mucosa, and
the fraction reaching systemic circulation depends both on the absorption from the gastro-
intestinal tract mucosa and from the lower airway mucosa [7]. When using inhaling
devices, a substantial part of the medication dose is not inhaled but deposited into the
oropharynx and swallowed afterward, to be absorbed by the gastro-intestinal tract mucosa.
The extent to which both mechanisms play a role depends on the extent of pulmonary
deposition, and on whether or not a correct inhalation technique is used [7]. This implies
large interindividual differences of glucocorticoids reaching systemic circulation after
inhaled administration.

Eight out of the twelve included studies discussing inhaled glucocorticoids do not
show an association with an increased IOP. In contrast, Nath et al. (2017) noticed the
possibility for an increased IOP in COPD (chronic obstructive pulmonary disease) patients
receiving inhaled glucocorticoids, although their results were not marked as statistically sig-
nificant [33]. Among all included patients, 16.0% developed an IOP higher than 22 mmHg,
and 3.92% developed damage to the optic nerve head [33]. They described a dose–response
relationship, with the highest prevalence of glaucoma among the patients in the high-dose
group (501–1000 µg of fluticasone propionate equivalents daily) [33]. Mitchell et al. (1999)
reported an elevated IOP in users of inhaled glucocorticoids with a family history of glau-
coma, an association that was not confirmed in individuals without such family history [31].
Furthermore, Garbe et al. (1997) showed a significantly increased risk for IOP elevation in
patients who had been continuously taking high doses of inhaled glucocorticoids for at
least three months [17]. In contrast, no increased risk was observed for patients receiving
low to medium doses of inhaled glucocorticoids [17]. Despite these results, previous oral
glucocorticoid intake was not taken into account. Second, the glucocorticoid doses that
posed an increased risk of ocular hypertension were much higher than those generally
prescribed in daily practice, wherefore the results may not be clinically relevant for the
majority of individual patients [54]. Finally, the study by Shroff et al., in 2019, shows a small
but significant increase in chronic users of lower doses of intranasal glucocorticoids [32].
The question arises whether this small increase in IOP is clinically relevant and will trigger
glaucomatous progression, but the results of this study certainly justify additional ophthal-
mological control visits in certain patients with glaucoma or glaucoma suspects, when they
are long-term users of (moderately) high doses of inhaled glucocorticoids.

Combining all these results and considering the pharmacokinetic properties of in-
haled glucocorticoids, we can conclude that they can be used safely for most patients in
most circumstances. Extra precautions should be taken when prescribing high doses of
inhaled glucocorticoids or for patients with a family history of glaucoma. The extent to
which a family history of glaucoma contributes to a patient’s predisposition to develop
a steroid response following glucocorticoid inhalation still requires further investigation.
Ophthalmological follow-up for IOP monitoring is recommended for these patients.

4.3. Systemic Glucocorticoids

Systemically administered glucocorticoids are expected to cause an increased IOP
more often than intranasal or inhaled glucocorticoids because of higher doses reaching
systemic circulation. In this case, not only the degree of side effects, but also the beneficial
therapeutic effects depend on the systemic concentration that is reached [7].

Surprisingly, only a few studies on the subject have been published, varying greatly
regarding patient age and glucocorticoid dosage. Five articles were retrieved, of which
only the study by Gomes et al. (2014) did not demonstrate a correlation between the intake
of systemic glucocorticoids and raised IOP [44]. The glucocorticoid doses administered in
this study were low: all included patients were treated with less than 10 mg of prednisone
equivalents daily. Among the included studies showing an association between systemic
glucocorticoid intake and raised IOP, Kaur et al. (2016) [41] and Gaur et al. (2014) [43] did
not mention daily doses. Prasad et al. (2019) mentioned a high incidence of IOP elevation
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in children treated with prednisone for auto-immune hepatitis [40]. Finally, Garbe et al.
conducted a large case control study in 1997, in which a clear dose–response relationship
was reported: the increase in IOP for daily doses under 80 mg of hydrocortisone equivalents
was narrowly significant, but response became clearer at higher doses [42].

Since there are only a few articles discussing the IOP-related side effects of systemic
glucocorticoids, caution is required when interpreting these results. Clinicians should
be aware that patients receiving systemic glucocorticoids are at risk of developing an
increased IOP. The highest risk is reported in users of high doses of glucocorticoids (>80 mg
of hydrocortisone equivalents daily), whereas for low loses (<40 mg daily), the literature is
contradictory. For every patient starting treatment with systemic glucocorticoids, especially
children, regular ophthalmologic follow-up is warranted to detect steroid responders. Long-
term systemic glucocorticoid users should also regularly be monitored for IOP elevation.

4.4. Glucocorticoids and Pre-Existing Glaucoma

Given that patients with pre-existing primary open-angle glaucoma (POAG) have a
higher chance of being steroid-responders for topical intraocular glucocorticoids [10,11],
the question arises of whether they are also more susceptible to an increased IOP caused by
intranasal, inhaled, or systemic glucocorticoids. Among the articles discussed in this review,
only four studied patients with pre-existing glaucoma. Regarding the effect of intranasal
steroids, Bui et al. (2005) found a significant IOP elevation in intranasal steroid users with
pre-existing glaucoma [28], although this association was denied by Yuen et al., in 2013 [21].
Both studies had small patient sample sizes, where definite conclusions cannot be drawn.
The only two studies to discuss the effect of inhaled glucocorticoids on IOP in glaucoma
patients both state that the risk of being a steroid responder does not increase [11,35].
Although no included articles discuss the use of systemic glucocorticoids in patients with
pre-existing glaucoma, the phenomenon of a steroid response is especially important to
diagnose in this patient group. If left unrecognized, even a small IOP elevation above
the individual target pressure can induce progressive visual field defects and irreversible
optic nerve head damage in glaucoma patients. Since patients with pre-existing glaucoma
have a higher (up to 90%) risk of being a steroid responder, it is important to follow these
patients on a regular basis at the start of their therapy. To determine whether patients with
pre-existing POAG are at a higher risk of developing an increased IOP caused by intranasal
or inhaled glucocorticoid administration forms, more research is needed.

5. Conclusions

The current literature indicates that patients receiving systemic glucocorticoids are at
risk of developing an increased IOP, especially patients taking high daily doses. Regular
ophthalmologic controls are therefore recommended for chronic steroid users and for pa-
tients starting with a new steroid treatment, especially for those with pre-existing glaucoma.
Inhaled glucocorticoids may be associated with an increased IOP when delivered in high
doses or in patients with a family history of glaucoma. Intranasal glucocorticoids have no
clear IOP-elevating effect and can therefore be used safely without ophthalmologic follow-
up in most circumstances. Clinicians should always consider each patient individually at
the commencement of corticosteroid therapy in any form, and potential risk factors for a
steroid response should be evaluated.
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Abstract: Changes in the cornea can influence outcomes in patients with primary open-angle glau-
coma (POAG). We aimed to evaluate the relevance of changes in corneal biomechanics and intraocular
pressure (IOP) in patients undergoing non-penetrating deep sclerectomy (NPDS) with the Esnoper
V2000 implant® (AJL Ophthalmic S.A., Gasteiz, Spain). We included 42 eyes of 42 patients with POAG
scheduled for NPDS with the Esnoper V2000 implant. Biomechanical properties were measured
by Ocular Response Analyzer® G3 (ORA; Reichert Inc., Depew, NY, USA). Corneal hysteresis (CH),
corneal resistance factor (CRF), corneal compensated IOP (IOPcc), and Goldmann-correlated IOP
(IOPg) were measured the day before surgery and on day 1, 7, and 30 and 2 and 3 months after
surgery. CH initially increased, fell below the presurgical value at 30 days after the surgery, and
increased again at 2 and 3 months. CRF, IOPcc, and IOPg decreased on the first day after surgery,
then followed a trend of increasing but stayed below pre-surgery levels. All values reached statistical
significance. While observed changes in corneal biomechanics after NPDS and Esnoper V2000 im-
plant were significant, more studies are needed if we are to understand their influence on corneal
biomechanics and their clinical relevance in POAG.

Keywords: corneal biomechanics; ocular response analyzer; ORA; corneal hysteresis; glaucoma;
tonometry; non-penetrating deep sclerectomy; Esnoper V-2000 implant

1. Introduction

Glaucoma represents one of the main underlying causes of irreversible blindness
worldwide, with the most frequent type being primary open-angle glaucoma (POAG) [1,2].
The main risk factor for disease progression, and the only one we can influence, is intraoc-
ular pressure (IOP); for this reason, its detailed study, along with the corneal properties
(both structural and biomechanical) that can affect its measurement, is essential [3–6].

Goldmann applanation tonometry (GAT) is the gold standard in the measurement of
the IOP, but the technique presents many inter-observer variations and is influenced by
the curvature or central thickness of the cornea, biomechanical parameters of the cornea,
and the age of the patient [7] (pp. 870–887) [8]. It has been shown, using a biomechanical
model, that GAT does not always reflect true IOP values and that corneal compensated
IOP (IOPcc) can become a fundamental parameter in the diagnosis and monitoring of this
pathology [9]. Likewise, the resistance of the cornea to flattening by contact tonometry was
the most determining factor to influence the differences in IOP between tonometers [6,10].

In an attempt to overcome the limitations of contact tonometers, other devices have
been developed; the emergence of these new devices has resulted in new parameters,

127



J. Clin. Med. 2022, 11, 1216

indices, and diagnostic algorithms that can help us to more quickly and reliably detect
different pathological conditions [11]. One of the most recent is the Corvis® ST (OCULUS
Optikgeräte GmbH, Wetzlar, Germany). It is a classical non-contact tonometer combined
with an ultra-fast Scheimpflug camera capable not only of giving more reliable IOP mea-
surements but also of analyzing biomechanical properties of the cornea and its dynamic
deformation [12].

In this paper we focus on the Ocular Response Analyzer® G3 (ORA). Designed by
Reichert Technologies (Reichert Inc., Depew, NY, USA), ORA is a non-contact device that
measures, in vivo, the differential response of the cornea to applanation produced by a
rapid air pulse over a period of approximately 20 milliseconds. By means of different
parameters that we describe below, ORA provides information on the biomechanical
and viscoelastic properties of the cornea [6,9]. Corneal hysteresis (CH) is a property that
represents the dynamic resistance of the cornea to deformation (i.e., its ability to absorb
and dissipate energy). The corneal resistance factor (CRF) represents static resistance and
is proportional to the force applied to the cornea; CRF is related to the central corneal
thickness (CCT), calculated by an ultrasonic pachymeter that forms part of the ORA, and
the Goldmann-correlated IOP (IOPg). CRF is determined using the average of two IOP
measurements made at the moment of maximum inward and outward applanation. A
calculation is also made according to the air pressure required to flatten the central area of
the cornea, using information provided by CH; this is known as the IOPcc. IOPcc offers
several advantages over the IOP measured by GAT [7].

In recent years, the study of corneal biomechanics has been applied to the various
branches of ophthalmology, including glaucoma [13]. Studies show that CH in subjects
with glaucoma is significantly lower than in the general population [14–16]; this parameter
has been associated with a greater defect in the optic disc. Further to this, a thinner layer
of nerve fibers has been postulated as a risk factor for glaucoma progression, even in
patients with well-controlled IOP measured by GAT [4,14,17–20]. In addition, the Ocular
Hypertension Treatment Study (OHTS) concluded that CCT is a factor that can predict the
evolution of ocular hypertension to POAG [21].

Studies also indicate that the continued use of certain prostaglandins (PGAs) can alter
corneal biomechanics independent of the lowering of the IOP; this has also been observed
in patients who had partial recovery of CH following therapy [22,23].

If we turn our attention to surgical treatments, there are a few isolated studies in the
available literature that refer to biomechanical changes in the cornea following the different
surgical techniques available to glaucoma patients. However, their limited number and
heterogeneity make it very difficult to arrive at a conclusion; in fact, there is a general lack
of studies on non-penetrating deep sclerectomy (NPDS), particularly in cases of implant-
associated surgery, which is the technique of choice in our environment.

The purpose of this study was to evaluate changes in the parameters of corneal biome-
chanics (CH and CRF) and IOP (PIOg and PIOcc) in patients with POAG undergoing NPDS
surgery associated with Esnoper V-2000 implant® (AJL Ophthalmic S.A., Gasteiz, Spain).

2. Materials and Methods

This was a consecutive non-randomized prospective study of 42 eyes corresponding to
42 patients diagnosed with POAG, selected for NPDS. It was carried out in the Department
of Ophthalmology at the Lozano Blesa University Clinical Hospital, in Zaragoza, Spain,
between September 2019 and July 2020. The study protocol was approved by the Review
Committee of the Lozano Blesa University Clinical Hospital in Zaragoza and complied with
Spanish legislation in the field of biomedical research; in the protection of personal data,
Organic Law 3/2018 on the Protection of Personal Data; Basic Law 41/2002, regulating
patient autonomy and rights; obligations regarding information and clinical documentation;
and Law 14/2007 on biomedical research. All the research was carried out following the
principles of the Declaration of Helsinki, and all patients signed an informed consent (IC)
and were given a copy of it.
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The inclusion criteria were as follows: The patient must be over 18 years old and
present a diagnosis of POAG (requirement was for reproducible defects in the visual field
(VF) detected by automated perimetry with Humphrey® 3 Field Analyzer (Carl Zeiss
Meditec, Inc., Dublin, CA, USA) strategy 24-2 and corresponding defect in the retinal nerve
fiber layer (RNFL) in the swept-source-optical coherence tomography (DRI OCT Triton™,
Topcon, Tokyo, Japan); POAG had to have been treated for a minimum of the previous six
months with at least two topical anti-glaucomatous drugs, one of which was supposed
to be a PGA eye drop; despite topical treatment, the patient should not achieve adequate
IOP control and the progression of POAG should continue, with the patient therefore
a candidate for NPDS without associating phacoemulsification; no previous history of
pathologies that could affect the cornea and no signs of retinopathy or optic neuropathy
other than glaucoma; images obtained had to have a quality score higher than 20.

The exclusion criteria were as follows: The patient could not have a personal history of
any ophthalmological condition other than glaucomatous damage caused by POAG (except
senile cataract without surgery criteria); extreme axial lengths (below 22 mm and above
26 mm); surgery on any eye or have had an ocular trauma that required consultation with
an ophthalmologist; any type of intraoperative complication, such as perforation of De-
scemet’s membrane and conversion to trabeculectomy, or any postoperative complication;
presentation of an IOP lower than 5 mmHg by GAT after surgery was also an exclusion cri-
terion. Patients whose tests were not of sufficient quality to be analyzed were also excluded,
as were patients who had required non-topical IOP lowering medication in the 6 months
prior to surgery and those requiring topical medication (including hypotensive drops) three
months after surgery (not counting the drops included in the post-surgical protocol).

Although 53 eyes of 53 patients with POAG were initially included, 1 was ruled
out because of myopia magna with an axial length of 27.02 mm (not detected in the
initial interview), 8 were ruled out for not meeting the time requirement for treatment
with topical eye drops (also not recorded in the first interview), and 2 were ruled out for
needing hypotensive eye drops after surgery. Finally, the data of 42 eyes of 42 patients
were analyzed.

All surgeries were performed by the same surgeon (J.I.), as explained below. A
fornix-based conjunctival flap was performed, followed by a superficial scleral flap of
approximately one-third of the total thickness. A portion of 0.02% mitomycin C (MMC),
prepared in the hospital pharmacy, was used for 2 min at both the scleral and subconjunc-
tival levels. Finally, a small, deep flap was created, leaving a thin sheet of sclera to plane
of the Schlemm’s canal which was dissected. Esnoper V-2000 (AJL®) was used as a supra-
choroidal implant without sutures. Finally, the surface flap was sutured with 10/0 Nylon
(Dafilon®, B. Braun Surgical S.A., Barcelona, Spain) and the conjunctival flap with 8/0 Silk
(Silkam®, B. Braun Surgical S.A., Barcelona, Spain). Postoperatively, patients followed
a downward regimen of TobraDex® eye drops (Novartis, Basel, Switzerland) (1 mg of
dexamethasone and 3 mg of tobramycin) according to postsurgical protocol.

The biomechanical properties of the cornea were measured with ORA: three mea-
surements were made, and the mean all of them was expressed in millimeters of mercury
(mmHg), calculated for the analysis. Values measured were CH, CRF, IOPcc, and IOPg;
all were taken by the same ophthalmologist in the morning and in a time range of 3 h. All
measurements were made the day before the surgery and on day 1, 7, and 30 and at 2 and
3 months after surgery.

Statistical Analysis

The statistical analysis was carried out using IBM SPSS v.23 (IBM, Armonk, NY, USA),
calculating the means and standard deviations (SD), medians, and ranges for each variable
and each time moment. To check the normality of the data to assess whether to apply
the parametric or non-parametric tests corresponding to each analysis, the Kolmogorov–
Smirnov test was used for a sample, obtaining significant deviations from the normal curve
in most variables.
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A value of p < 0.05 was used to consider the result statistically significant. The statistics
were calculated using MedCalc ver.15.2 (MedCalc Software Bvba, Ostend, Belgium).

A global analysis was carried out for each variable using the Friedman test for non-
parametric dependent or related samples to evaluate the differences in biomechanical
parameters over time (day before surgery, and at day 1, 7, and 30 and at 2 and 3 months
after surgery).

3. Results

The study sample consisted of 42 eyes from 42 different patients. The median age of the
sample was 68.19 +/− 11.88 years. The demographic characteristics are set out in Table 1.

Table 1. Demographic characteristics of the 42 patients analyzed.

CHARACTERISTICS VALUES

SEX, N (%)
Women 12 (28.57)

Men 30 (71.43)

AGE, YEARS
Mean +/−SD 68.19 +/− 11.88 years

Median (range) 70 (45–70)

LATERALITY OF THE TESTED
EYE, N (%)

Right 21 (50)
Left 21 (50)

NUMBER OF TOPICAL
ANTIHYPERTENSIVE EYE DROPS

PRIOR TO SURGERY, N (%)

1 0 (0)
2 4 (9.53)
3 21 (50)
4 17 (40.47)

SD: standard deviation.

Table 2 shows the data on the changes in the ORA variables (CH, CRF, IOPcc, and IOPg)
at the different study visits. These data are supported by Figure 1, where the four variables
are shown across time. Regarding the presurgical values, CH increased on days 1 and 7,
descending below the presurgical value at day 30, after which it increased again at 2 and
3 months after the intervention to above the values prior to surgery. The rest of the variables
(CRF, IOPcc, IOPg) decreased the first day after surgery, then followed an increasing trend
but stayed below pre-surgical levels. All values reached statistical significance.
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Table 2. Data on biomechanical characteristics obtained by ORA day before surgery and at day 1,
7, and 30 and at 2 and 3 months after surgery. All data are measured in mmHg, with the mean and
standard deviation (SD) in brackets on the first line. The second line shows the median and the range
in brackets.

N Presurgery 1st Day 7th Day 30th Day 2nd Month 3rd Month p

CH 42 7.10 (2.02)
7.3 (3.1–12.5)

7.74 (1.96)
7.9 (1.3–13.9)

7.72 (1.75)
7.35 (4.4–11)

6.95 (1.84)
6.9 (2.1–10.7)

7.25 (1.46)
7.55 (4.4–10.3)

7.81 (1.55)
8.15 (4.8–11.8) 0.031

CRF 42 9.44 (1.97)
9.25 (5.6–14.49)

6.34 (1.94)
6.45 (2.7–9.4)

6.5 (2.12)
6.5 (2.7–12.2)

7.19 (2.06)
6.65 (4.1–14)

7.35 (1.94)
7.35 (3.8–13.9)

7.85 (1.93)
7.2 (4.7–15.1) <0.001

IOPcc 42 25.38 (7.48)
23.5 (11.2–43)

14.14 (9.03)
12.25 (0.2–42.7)

14.21 (6.75)
12.85 (4.7–32.2)

18.81 (7.69)
17.75 (6.2–43.5)

18.2 (5.82)
16.65 (6.2–36.9)

17.68 (6.09)
16.75 (6.3–31.9) <0.001

IOPg 42 22.49 (7.47)
20.55 (11.9–39.1)

9.85 (7.63)
8.5 (5.1–30.7)

10.25 (6.78)
8.85 (5.0–26.8)

14.51 (7.54)
12.8 (5.4–31.3)

14.14 (6.1)
12.35 (5.2–25.9)

14.24 (6.24)
12.55 (5.9–26.1) <0.001

CH: corneal hysteresis; CRF: corneal resistance factor; IOPcc: compensated intraocular pressure; IOPg: Goldmann-
correlated intraocular pressure.

4. Discussion

IOP is the only risk factor in the development and progression of glaucomatous optic
neuropathy that can be treated at the present time. It is essential to obtain a reliable
measurement that allows us to reach a correct diagnosis and classification for the proper
management and follow-up of the glaucoma patient. Nowadays, GAT is the gold standard.
However, it is based on Imbert–Fick’s law, which assumes conditions that are not real,
such as that the cornea has a radius of constant curvature, which is always spherical, with
minimal thickness, and that presents the same rigidity in all cases [24,25]. Further to this, a
low degree of reproducibility of this measure has been demonstrated due to its interobserver
variability [26]. In order to overcome these drawbacks, other devices have been developed,
among which the ORA stands out. ORA is a non-contact instrument that provides a
reproducible measurement of IOP that is not influenced by the person performing the test
and that, perhaps most importantly, is based on biomechanical properties and parameters
of the cornea [6,25]. Therefore, the ORA not only helps us to study and understand the
properties of the cornea but also allows us to quantify the properties numerically. This
allows us to compare the results obtained in order to standardize and look for ranges of
normality, with which we can detect patients who deviate from them, and whose disease
may be progressing due to the limitations of other devices.

Because ORA is a relatively new technology, available literature is limited. It is
important to emphasize that in many studies, including ours, it is impossible to determine
what proportion of the observed changes in corneal biomechanics and IOP are exclusively
due to each of the interventions performed. New research would need to be designed in
such a way as to isolate each factor that may affect these parameters.

In an attempt to address this issue, Touboul et al. [15] published a prospective study
in 2008 in which they looked for correlations between the data provided by ORA across
four different ophthalmological pathologies that they grouped into four groups: glaucoma
(n = 159), keratoconus (n = 88), laser-assisted laser in situ keratomileusis (LASIK) (n = 78),
and photorefractive keratectomy (PRK) (n = 39) (all vs. a control group without ophthalmic
pathologies (n = 122)). The authors found statistically significant differences between GAT
and IOPcc and IOPg in all pathological groups. It was also found that, in the general
population, the higher the CH, the closer the values of GAT and IOPcc. CRF maintained
similar values in the glaucoma group vs. the control group, while CH was lower and
seemed independent of age.

Focusing on glaucomatous pathology, we know is that eyes with POAG show certain
corneal characteristics that could also affect other structures of the eyeball. This could
translate into a special susceptibility to increases in IOP at the level of structures such as
lamina cribosa [27]. A significant decrease in CH is observed in patients with glaucoma
(especially in cases of congenital glaucoma). With regard to CRF, elevated values were
found in all glaucoma suspicion groups in different studies [25,28]. Of special interest
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is the research of Del Buey et al. [14], which analyzed 1065 eyes; the group describe a
lower CH with a statistically significant difference in patients with glaucoma compared
with healthy eyes. Additionally statistically significant was the difference with respect
to IOPg and IOPcc in the group of patients with glaucoma and controls. Unexpectedly,
the CRF was superior in all pathological groups with respect to control, but it was only
significant in groups suspected of glaucoma, not in glaucoma patients. The data collected
in our study were consistent with those discussed above, presenting a CH even lower with
the IOPcc and the IOPg slightly higher. Perhaps the degree of severity of glaucoma can
influence the parameters measured by ORA, our representative sample being of patients
with moderate–severe glaucomatous damage with indication of surgery after the failure
of other treatments and, therefore, being able to present more extreme averages than the
group of glaucoma presented by Del Buey et al. [14].

Regarding eye surgery, the study of corneal biomechanical properties has centered
mostly on phacoemulsification, and results have been obtained in different studies that
indicate a decrease in CH values and an increase in CRF [24,29,30]. However, the evidence
after glaucoma surgery is not very broad, despite being fundamental to understanding the
intrinsic changes that may occur, and offers little evidence in terms of what real benefit
surgical intervention will bring to the patient.

Our findings reflect those described for other glaucoma ophthalmological surgeries,
such as those presented by Pakravan et al. [31]. Pakravan et al. found a significant increase
in both CRF and CH in all groups of glaucomatous patients who were studied at 3 months
following different surgeries (trabeculectomy with MMC (n = 23 eyes); trabeculectomy
with MMC with phacoemulsification (n = 17 eyes)); Ahmed valve implantation (n = 17);
cataract only in non-glaucomatous patients (n = 26 eyes)). This calls into question a possible
relationship between the decrease in IOP (measured by GAT) and the increase in CH after
treatment, which could be the first hypothesis to be considered for understanding the
results of our study. The only ones who have described a weak correlation between both
parameters, and only preoperatively, are Iordanidou et al. [32] and Sun et al. [22], who
argue that ORA could make a mistake with the measurement of high pressures. It has even
been shown that the change that occurs over 24 h in IOP does not affect biomechanical
properties [33]. Sun et al. [22] analyzed a group of 40 patients with unilateral POAG who
underwent trabeculectomy, achieving a statistically significant increase in CH only 2 weeks
after the intervention. It would be comparable with what we obtained on day 1 and 7 after
surgery. Unlike ours, one month after surgery its results do not reach statistical significance,
although they remain above preoperative values, at which time we observed a marked
decrease in CH. We should consider whether the changes produced by trabeculectomy
(penetrating filter surgery) on corneal biomechanics are really more stable one month after
the intervention than those caused by NPDS, therefore maintaining the upward trend
despite not reaching statistically significant values.

If we search the literature for studies describing changes in corneal biomechanics
through ORA produced by implant-associated surgery, there are very few results. Konstan-
tinidis et al. [34] published a prospective study to compare corneal biomechanical changes
in two groups: group 1 of patients with glaucoma who had an EX-PRESS® (Novartis, Basel,
Switzerland) device implanted (n = 19) and group 2 who underwent a trabeculectomy
(n = 11). Measurements were made of the eyes operated with ORA preoperatively and after
surgery in months 1, 6, and 12. CH increased significantly for months 6 and 12 in group 1
and for all postoperative measures in group 2, compared with those obtained pre-surgery.
Regarding the CRF parameter, it decreased significantly for both groups in all measures.
Konstantinidis et al. found no correlation between CH and CRF. These results support our
hypothesis that CH and CRF will follow the respective increasing and decreasing trend
that we have found in our study. Similar changes between the two groups lead us to think
that the introduction of an implant could have an influence similar to a piercing technique,
although the sample size of each group was too small to validate this hypothesis by itself.
On the other hand, it could be supported by the data provided by Casado et al. [35], which
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did not show statistically significant differences between two groups: the first formed by
20 eyes of 20 patients who underwent NPDS with implantation (Aquaflow; Staar Surgical
AG, Nidau, Switzerland) and the second group by 20 eyes of the same 20 patients (the
contralateral), with an intervention of sclerectomy converted to trabeculectomy. Group 1
had lower values (still reaching statistical significance) for both CH and CRF, which could
be associated with a better prognosis due to worse results, which have been demonstrated
in the visual field associated with lower CH values [17,20].

Special attention should be given to the work published by Iordanidou et al. [32],
who were the first to use ORA technology to analyze 30 eyes of 30 patients with POAG
to evaluate the biomechanical changes produced after an NPDS with a collagen implant
(Staar Surgical AG, Nidau, Switzerland). They carried out a measurement on day 1 and
8, and at 1 month after surgery. Of the parameters studied, the only one whose variation
remained statistically significant was CH, which increased the day after the surgery from
7.51 +/− 1.56 mmHg (in our study it was 7.10 +/− 2.02 mmHg) to 9.38 +/− 1.77 mmHg
(7.74 +/− 1.96 mmHg), where it remained on day 8 with a value of 9.2 +/− 1.57 mmHg
(in our case, on day 7 it was 7.72 +/− 1.75 mmHg) and then decreased to the figure of
8.41 +/− 1.72 mmHg per month after the NPDS (6.95 +/− 1.84 mmHg). The curve that
CH draws was repeated in our study, presenting minor changes, although it also reached
statistical significance, reaching the month of surgery, to descend below the preoperative
level. Unlike Iordanidou et al. [32], who only follow up until the 30th postoperative day,
we continued follow up for three months, analyzing the cases on days 1, 7, and 30 and at
2 and 3 months. We observed an increase in CH values at 2 and 3 months. In this study,
IOPg had a preoperative mean value of 19.57 +/− 6.32 mmHg, which was drastically
reduced the next day to a value of 5.2 +/− 3.49 mmHg, reaching statistical significance.
Subsequently, IOPg began to increase without reaching statistical significance, reaching
8.32 +/− 5.37 mmHg on day 8 of the intervention and 12.71 +/− 7.43 mmHg one month
after surgery. IOPcc and CRF initially decrease, to gradually increase without reaching
the preoperative value, which makes us think that with a larger sample size or a longer
monitoring time, these results could have reached statistical significance and support ours.

Following this same line, Díez-Álvarez et al. [19] published a prospective study of
49 patients with a mean age of 73.5 +/− 8.2 years who had been on anti-glaucomatous
eye drops (77.6% with PGAs) and who were intervened with NPDS in combination with
phacoemulsification (NPDS + P) in 26 cases or with and NPDS alone in the other 23 cases.
The study analyses corneal biomechanics with ORA 3 months after surgery. Unlike the
study presented above and ours, in no case did they accompany the surgery of an implant,
which makes it difficult for us to compare results. Despite this, it presents a sample of size,
age, and biomechanical data prior to surgery similar to ours. They performed a single
postoperative measure, observing in both groups an increase in CH and a decrease in CRF,
IOPcc, and IOPg. All measurements reached statistical significance and were consistent
with our results. Based on their results, and despite preoperative values, the postoperative
reduction in IOP was the independent factor that most influenced optic nerve changes
after surgery.

We would like to point out that the first-month CH in our results followed a curve equal
to that defined by Iordanidou et al. [32]; first ascends, and then descends, but after 3 months
we find values greater than presurgical ones, as Díez-Álvarez et al. [19] also describe. This
change in trend could be justified, or could at least be altered, by taking into account
that an increase in CH associated with the use of PGAs has been demonstrated without
being related to a decrease in IOP by GAT, by influencing extracellular matrix remodeling
and modification of corneal properties [23,36,37]. In our study, all the participants had
taken PGAs as a treatment prior to surgery, and PGAs are able to maintain their effect on
corneal biomechanics after suspension for a few days and then gradually disappear [37].
On the other hand, the changes during the month after surgery could be altered by the use,
according to the protocol, of eye drops with dexamethasone (TobraDex®) since it has been
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shown that it can increase IOP, although we have not found data in the literature on its
effects on corneal biomechanics [38].

Our study has certain limitations, starting with the sample size, which might be lim-
ited due to the strict inclusion criteria of the study, which were put in place to ensure as
homogeneous and reproducible a sample as possible, while avoiding as many confounding
factors as possible. Another major limitation to highlight is the difficulty of comparing
our results with other published studies. There are important works that establish biome-
chanical values in the healthy population, but not in a standardized way by age and sex
groups. While we are able to find research in the literature on corneal biomechanics and
glaucoma, the studies were quite heterogeneous in their methods and results. Regarding
surgeries, the diversity was even greater since there are many techniques and devices to
which the intrinsic variability is added with each surgeon who performs the procedure. In
this sense, performing two different surgeries on the eyes of the same patient would be
ideal to be able to compare them and thus establish differences, as Casado et al. [35] have
reported. In the case of filtering surgery, it is necessary to consider the criteria of choice
of each technique, which is usually determined by glaucomatous damage and its ability
to decrease tension. Sclera deserves special consideration since it provides the anatomical
support of the eye for many measurements we make, such as in the measurement of IOP
by GAT and measurements by ORA. Therefore, surgeries such as trabeculectomy, in which
the sclerectomy that is performed produces a thinning of the cornea–sclera interface, could
clearly affect corneal biomechanics and its measurements. It has already been seen that
structural changes of the eyeball affect its biomechanical properties, as described by Grost-
Otero et al. [39] in a study in which they analyzed 20 patients who underwent surgery
for pterygium in one eye and compared with the contralateral eye, finding a statistically
significant decrease in CH in the first group with respect to the second. In addition, we
must consider that there may be anatomical changes that are not completely restored, or
that restore very slowly, after glaucoma surgery. That could be in favor of obtaining similar
results, regardless of the technique or device used. Another limitation would be the failure
to collect and analyze the data on CCT, axial length, and refraction, as these would be of
interest. Regarding topical anti-glaucomatous hypotensive eye drops, there is evidence that
affirms how PGAs influence corneal biomechanics, but evidence does not differ between
the type of PGAs used, and the duration of treatment, or IOP prior to PGAs use [22,36]. The
use of MMC (including duration and dose), as well as the use of an implant and in which
location it is located, should also be considered. As we have already highlighted at the
beginning of the discussion, other limitations would be that we were unable to determine
what percentage of the biomechanical changes were due exclusively to the surgery, the
implant, the use of MMC during surgery, the use of topical PGAs prior to surgery and its
subsequent discontinuation, and the use of TobraDex® afterwards.

We believe our findings represent the first published study of which we are aware on
variations in corneal biomechanics after an NPDS intervention, the surgery of choice in
our environment, with Esnoper V-2000 implant, and the first whose evolution has been
collected and analyzed throughout the first three post-surgical months. This would imply
a greater sample size and a longer follow-up period than comparable studies presented in
the existing literature, establishing how corneal biomechanics varies between the values
before and after surgery.

5. Conclusions

According to our analysis, we conclude that at 3 months of follow-up, CRF remain
below preoperative values, and CH above, after having decreased in the first month,
reaching statistical significance in all measures. After the NPDS, as expected, the IOP was
successfully maintained below preoperative values, being assessed by the IOPcc and IOPg
values provided by the ORA.

More research is needed following this line with a larger sample size and longer
follow-up periods and with more homogeneous groups in terms of age, glaucomatous
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damage, pre-surgery treatment, and surgical technique to evaluate the changes caused in
corneal biomechanics and their relevance in clinical practice.
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Abstract: Glaucoma remains a frequent serious complication following cataract surgery in children.
The optimal approach to management for ‘glaucoma following cataract surgery’ (GFCS), one of the
paediatric glaucoma subtypes, is an ongoing debate. This review evaluates the various management
options available and aims to propose a clinical management strategy for GFCS cases. A literature
search was conducted in four large databases (Cochrane, PubMed, Embase, and Web of Science),
from 1995 up to December 2021. Thirty-nine studies—presenting (1) eyes with GFCS; a disease
entity as defined by the Childhood Glaucoma Research Network Classification, (2) data on treatment
outcomes, and (3) follow-up data of at least 6 months—were included. Included papers report on
GFCS treated with angle surgery, trabeculectomy, glaucoma drainage device implantation (GDD),
and cyclodestructive procedures. Medical therapy is the first-line treatment in GFCS, possibly to
bridge time to surgery. Multiple surgical procedures are often required to adequately control GFCS.
Angle surgery (360 degree) may be considered before proceeding to GDD implantation, since this
technique offers good results and is less invasive. Literature suggests that GDD implantation gives
the best chance for long-term IOP control in childhood GFCS and some studies put this technique
forward as a good choice for primary surgery. Cyclodestruction seems to be effective in some cases
with uncontrolled IOP. Trabeculectomy should be avoided, especially in children under the age of one
year and children that are left aphakic. The authors provide a flowchart to guide the management of
individual GFCS cases.

Keywords: childhood glaucoma; aphakia; pseudophakia; cataract surgery; lensectomy; management
(or therapy); trabeculotomy; trabeculectomy; glaucoma drainage device; cyclodestruction

1. Introduction

Former terms used to describe childhood glaucoma, including ‘developmental’, ‘con-
genital’, or ‘infantile’, were often not clearly defined [1–3]. Therefore, the Childhood
Glaucoma Research Network Classification recently developed a system for the classifica-
tion of paediatric glaucoma to unify nomenclature (Figure 1) [3]. This review focuses on
the subtype known as glaucoma following cataract surgery (GFCS), which accounts for
18% of childhood glaucoma [4].
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of chemical substances from the vitreous cavity and retained lens material may alter 
trabecular meshwork morphology and gene expression [12–14]. Further, early lensectomy 
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IoLunder 2 Study and the Infant Aphakia Treatment Study (IATS) showed that the risk of 
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Figure 1. Glaucoma Following Cataract Surgery based on Childhood Glaucoma Research Network
classification algorithm. Childhood: based on national criteria, <18 years old (USA); <16 years
old (UK, Europe, UNICEF) (reproduced with permission from Grajewski, World Glaucoma Asso-
ciation Consensus Series 9: Childhood glaucoma, Kugler publications 2013 [5]). Abbreviations:
IOP = Intra-Ocular Pressure.

After cataract extraction in early life, both aphakic and pseudophakic eyes are at high
and lifelong risk for the development of glaucoma (GFCS, formerly known as aphakic or
pseudophakic glaucoma). The incidence depends on duration of follow-up, age at time
of surgery, corneal diameter, surgical techniques, and the definition of glaucoma among
studies [6–8]. In the Infant Aphakia Treatment Study (IATS), a randomized clinical trial of
114 infants with unilateral congenital cataract who were aged 1 to 6 months at surgery, the
incidence of GFCS was 22% after 10 years of follow-up [9]. Improved surgical techniques
for childhood cataract extraction have reduced the incidence of angle-closure GFCS. The
predominant type, accounting for 75 to 94% of GFCS, now has an open angle configura-
tion [10]. Unlike angle-closure glaucoma, which is diagnosed in the early postoperative
period, the incidence of open-angle glaucoma is known to rise with increasing postsurgical
follow-up, and its presentation may occur any time after initially uneventful surgery [11].
Consequently, it is imperative that these patients receive lifelong follow-up in order to
protect their vision.

The pathophysiological mechanism by which secondary glaucoma develops in these
patients, who have a history of paediatric cataract, is still unclear and thought to be of
multifactorial origin. A mechanical and a chemical theory have been hypothesized: (1) the
mechanical support to the trabecular meshwork is lost after lensectomy and contributes to
decreased trabecular spaces, potentially reducing outflow facility, or (2) the influence of
chemical substances from the vitreous cavity and retained lens material may alter trabecular
meshwork morphology and gene expression [12–14]. Further, early lensectomy and early
use of high-dose steroids may also lead to structural alteration of the trabecular meshwork
and associated impairment of normal angle maturation [11,15].

Age at time of lensectomy and microcornea are the two risk factors most commonly
associated with a higher prevalence of GFCS [16]. The optimal timing of lensectomy is still
under debate because the increased risk of developing GFCS must be balanced against
the risk of irreversible deprivation amblyopia [10]. Until a few years ago, it was thought
that pseudophakia was a protective factor for the development of GFCS [17]. However,
selection bias in the possibility that children selected for intraocular lens placement have
largely been those at lower risk for glaucoma may explain the observed lower incidence
of glaucoma in pseudophakia in some initial small or non-randomised studies [16]. The
IoLunder 2 Study and the Infant Aphakia Treatment Study (IATS) showed that the risk
of glaucoma development at 5 and 10 years post lensectomy, respectively, is similar for
aphakic and pseudophakic patients [9,18,19].

GFCS is often difficult to manage, and it is generally associated with a poor prognosis.
The first-line treatment for most GFCS cases is medical [11,20]. When surgical intervention
is indicated, the optimal surgical approach is subject to debate. Many studies reporting
treatment outcomes of childhood glaucoma in general are available, but studies that focus
on this particular glaucoma subtype are limited, resulting in a lack of consensus. This
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review summarizes the literature on the various medical and surgical options available
for the management of GFCS, with the aim to suggest an appropriate management strat-
egy for specific clinical GFCS cases. This paper provides a flowchart which may assist
ophthalmologists treating GFCS patients in clinical decision-making.

2. Materials and Methods

This literature review was registered and approved by KU Leuven. In performing
this review, the PRISMA statement (Preferred Reporting Items for Systematic Review and
Meta-Analysis) was followed [21].

The databases Cochrane, PubMed, Embase, and Web of Science were systematically
searched (from 1 January 1995 to 31 December 2021). A detailed search strategy for
each database is presented in Appendix A. The individual references of each study were
considered in order to identify additional relevant articles. Non-pertinent articles were
rejected based on title and abstract screening. Thereafter, the full texts of the remaining
articles were independently judged for eligibility by two independent reviewers (A.S., S.L.)
according to the following inclusion criteria: the studies should (1) include eyes with GFCS;
a disease entity as defined by the Childhood Glaucoma Research Network Classification
(Figure 1), (2) report data on treatment outcomes, and (3) present follow-up data of at least
six months after glaucoma therapy. Reviews that do not report original research results, non-
English-language articles, and abstract-only articles were excluded. Inconsistencies were
solved by consensus. The PRISMA flow diagram (Figure 2) gives details on the screening
process. The authors performed a narrative synthesis because methodological heterogeneity
precluded a meta-analysis. The Oxford Centre for Evidence-based Medicine classification
was used to determine the Level Of Evidence (LOE) of the included papers [22].
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3. Results

A total of 676 studies were screened using the described search strategy. At the
end of the selection process, 39 articles were judged eligible for qualitative synthesis:
1 randomized controlled trial, 21 cohort studies, and 17 case series were included in the
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systematic review. In the following sections, summary tables of findings of included papers
are provided. Medical therapy, angle surgery, trabeculectomy, glaucoma drainage device
(GDD) implantation, and cyclodestructive procedures are mainly discussed. Five out of
39 studies described success rate with medication alone, 7 studies examined success rates
of angle surgery, 8 studies examined success rates of trabeculectomy, 14 studies examined
success rates of drainage implants, and 9 out of 39 studies examined success rates of
cyclodestructive procedures.

3.1. Medical Treatment

Only five studies in which initial treatment was medical in all of the included eyes
with GFCS clearly described their success rates with medication alone (Table 1) [23–27].

Success rates between the five available studies range from 17 to 73%, with those three
reporting success rates of 40% and more having the largest study cohorts. Unlike PCG,
which responds inadequately to medical therapy, these studies showed that long-term
intra-ocular pressure (IOP) control can be reached with medication alone in some patients
with GFCS. Medical therapy consists of topical medications and systemic medications,
alone or in combination, in order to achieve the best possible result. Beta-blockers, carbonic
anhydrase inhibitors, miotics and prostaglandin analogues are the classes commonly used
for treatment of GFCS [23,24]. In a retrospective series of 32 eyes with GFCS, the addition of
echothiophate iodide (EI) 0.125%, a miotic, in combination with other medications reduced
IOP about 33% over long-term follow-up. The side-effects of EI were limited to transient
redness that did not necessitate cessation of treatment [27].

3.2. Surgical Treatment

According to the literature, surgery is required in 27–83% of GFCS cases (Table 1) [23–26].
Repeat surgery and multiple modalities are often indicated to avoid or at least slow down
further glaucoma progression. Similar ratios regarding the number of required repeat
surgeries are reported, with 30–40% of eyes needing only one surgery and more than half
of included study eyes needing two or more sequential surgical interventions [23,24]. One
study documented the need of four or more procedures in 7% of eyes after a follow-up
period of 18.7 years [24].

Included papers report on GFCS treated with angle surgery, trabeculectomy, GDD
implantation, and cyclodestructive procedures.

3.2.1. Angle Surgery

Data documenting this treatment modality in GFCS are limited and mostly presented by
small retrospective cohorts with variably reported success rates (16–93%) (Table 2) [10,28–33].
Prior work found a success rate of only 16% after conventional angle surgery, including
a 180-degee trabeculotomy or goniotomy [10]. This is in stark contrast with more recent
studies in which success following angle surgery was achieved in the majority of eyes fol-
lowing a 360-degree trabeculotomy [28–30,32,33], with the most recent case series showing
a success rate of 93% after a mean follow-up of 3.3 years [33]. The 360-degree trabeculotomy
showed higher surgical success rates compared to conventional 180-degree goniotomy and
trabeculotomy [29,32]. No visually devastating complications have been reported in the
included studies.

Less favourable outcomes were reported in GFCS eyes with peripheral anterior
synechiae [28,30].

3.2.2. Trabeculectomy (+Antimetabolites)

Results of trabeculectomy + Mitomycin C in eyes with GFCS are variable but generally
poor (Table 3) [10,23,34–39] with the largest cohort on this subject reporting a 25% success
rate after a mean follow-up of 8.6 years [10].
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Certain patient-related factors have shown to be significant risk factors for trabeculec-
tomy failure, including aphakia and age younger than one year, especially when com-
bined [35].

The use of antimetabolites can improve success rates but at the cost of increased risk
of complications, including blebitis and endophthalmitis [37].

3.2.3. Glaucoma Drainage Device Implantation

Most of the included studies report treatment outcomes of glaucoma drainage device
implantation in eyes with GFCS with good success rates up to 95% (Table 4) [10,38–52].
Pakravan et al. demonstrated a 90% success rate after one year of follow-up following a
glaucoma drainage device implantation as a primary procedure in eyes with GFCS. At five
years, the success rate had fallen to 72% [49]. Other reports, analysing the effectiveness of
GDDs in GFCS patients, noted similarly good success rates [40,41,48].

A prospective randomized clinical trial (RCT) found that GDD treatment outcome is supe-
rior to trabeculectomy. This RCT compared Ahmed glaucoma implant + MMC (AGI + MMC)
with trabeculectomy + MMC (T + MMC) as the primary procedure for treatment of GFCS in
children under 16 years of age. Each group consisted of 15 aphakic eyes, and although no
statistically significant differences were found between both groups, the results were more
favourable in the GDD + MMC group. The overall success rate was higher (87% vs. 73%),
and the overall complication rate was lower (27% vs. 40%) in the AGI+MMC group versus
T + MMC group, respectively [38]. Similarly, a retrospective study which revealed success
rates of 44% after GDD implantation still shows more encouraging results when compared
to a 24.6% success rate in patients who underwent trabeculectomy [10].

Similar to trabeculectomy, younger age at time of GDD surgery is associated with
less favourable treatment outcomes. Nevertheless, in patients under two years of age,
when compared to T + MMC, it was found that GDD implantation offered a significantly
greater chance of successful IOP control. At the age of six, IOP was controlled in 19% in
the trabeculectomy + MMC group versus in 53% in the GDD group [53]. A recent study
demonstrated that the presence of persistent fetal vasculature (PFV) affects the outcome in
a negative way; PFV-related cataracts showed a lower survival rate of the Ahmed glaucoma
valve and a higher complication rate versus non-PFV-related cataracts [51]. Unlike for
trabeculectomy, lens status is not consistently reported to be a significant risk factor for
GDD failure. Patients with GFCS who have had multiple previous ocular surgeries may
be at higher risk for tube failure, with better reported relative success rates in eyes with
only one previous operation (83%) compared to those having had more than two previous
operations (42%) [43].

Complications commonly described in the included studies after GDD implantation in-
clude suprachoroidal haemorrhage, choroidal detachment, hypotony, tube-corneal contact,
and retinal detachment.

3.2.4. Cyclodestructive Procedures

Moderate success rates have been reported after cyclodestructive procedures in GFCS
eyes with uncontrolled (Table 5) [10,39,54–60]. The highest success rate (54%) was presented
in a cohort of 35 aphakic or pseudophakic GFCS eyes, after a follow-up of 7.2 years [55].
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In the study of Schlote et al., cyclodestruction showed better outcomes in older patients
than in younger patients [60]. No effect of prior glaucoma interventions was found [53,55,56].
No significant differences in success rates between aphakic and pseudophakic eyes were
found [55,57]. The only finding repeatedly associated with reduced outcomes was a higher
pretreatment IOP; those eyes may need more sessions of cyclodestruction in order to control
the IOP [55,57].

Postoperative hypotony, chronic uveitis, and rarely phthisis are complications re-
ported after cyclodestruction [10,39,54–60]. Aphakic eyes with GFCS after endoscopic
cyclophotocoagulation were at higher risk of postoperative complications, including retinal
detachment, compared to eyes with other types of glaucoma [59].

4. Discussion

Medical therapy should be tried first in GFCS cases since long-term IOP control can
be reached with medication alone in some cases. For example, Bhola et al. noted that 73%
of patients achieved IOP with medication alone after a mean follow-up of 18.7 years [24].
The choice of medication varies between clinicians and depends on efficacy, potential
adverse effects, cost, and availability across different health systems [5]. Kraus et al. found
that EI had an impressive IOP-lowering effect in children with GFCS. Unfortunately, this
medication was discontinued in 2021 and is currently no longer commercially available [27].
The decision to proceed to surgery should be a well-argued one, because younger age is
frequently associated with reduced surgical outcomes; hence, medical therapy should be
considered the initial strategy of choice in GFCS, possibly to bridge the time to surgery. On
the other hand, topical IOP-lowering drugs have a higher potential for systemic adverse
effects, and adherence to complex regimens is more difficult in young age groups [10]. When
IOP control is inadequate, surgery should not be delayed because of fear of poor results.

Surgical treatment modalities for GFCS include angle surgery (trabeculotomy and
goniotomy), GDD implantation, trabeculectomy with MMC, and cyclodestructive proce-
dures. Given their normal life expectancy, children with GFCS may need multiple repeat
interventions. Hence, the development of a long-term surgical strategy allowing a step-wise
escalation of risk is strongly advisable. Selecting the most appropriate operation technique
is crucial since the primary surgical intervention chosen for the child is often his or her best
chance for long-term success.

Some patient-related factors are associated with reduced outcomes of particular sur-
gical procedures, making particular procedures more suitable than others for individual
clinical cases. Since glaucoma surgery suffers from poor success rates in GFCS, knowledge
about these patient-related factors affecting the outcomes helps in choosing the optimal
approach for each individual patient. Considering the identified risk factors after review-
ing the current literature, the authors suggest a flowchart for the management of GFCS
(Figure 3). The flowchart was adapted from a previously published flowchart (Childhood
Glaucoma, 9th Consensus Report of the World Glaucoma Association) [16].

It should be stressed that this is not intended as a pre-set algorithm that must be
followed unconditionally as clinical decision-making will always be influenced by several
factors (including surgeon preference/experience and local facilities/equipment availabil-
ity). The next paragraphs may clarify the flowchart by summarising and interpreting the
main findings of each surgical option.

Although angle surgery is more often reserved for cases of PCG, some recent studies
have shown promising results in GFCS (Table 2); these studies are associated with the
recent resurgence of interest in this treatment modality. This is not surprising since angle
dysgenesis plays a role in the pathogenesis of GFCS and angle surgery addresses the
physiological outflow pathways. In particular, 360-degree trabeculotomy maximises the
therapeutic effect by providing both a temporal and nasal trabeculotomy at initial surgery,
whether by two-site rigid probe or via microcatheter assisted suture placement. This
technique is less invasive when compared to trabeculectomy, GDD implantation, and
cyclodestructive procedures. Additionally, 360-degree trabeculotomy is beneficial because
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it spares the conjunctiva for potential future surgeries. Angle surgery was not mentioned in
the previous flowchart of suggested management approach in 2013 (Childhood Glaucoma,
9th Consensus Report of the World Glaucoma Association) [16]. However, studies after
2013 showed good success rates in GFCS cases and the authors of this review suggest that a
360-degree trabeculotomy could be attempted as the primary surgical procedure in cases of
relatively early-onset GFCS when the angle is deep and in the absence of peripheral anterior
synechiae [20]. Some studies in the literature, mainly in the form of case reports, describe
the performance of goniotomy with a 23 or 25 gauge straight cystotome or a Sinskey hook.
These devices are much less expensive than other devices on the market for goniotomy
such as Kahook blade, Goniotome, and Trabectome. It is a good option in resource-poor
areas that cannot afford more expensive goniotomy devices [61–66].
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Trabeculectomy has traditionally been the first choice of the remaining surgical options
in childhood glaucoma, but it has shown limited success in GFCS (Table 3). Due to this lim-
ited success rates, the concern about bleb-related complications post trabeculectomy + MMC
and due to the high success rates of up to 95% following GDD implantation in GFCS eyes
(Table 4), there is a growing interest in selecting a GDD at primary surgery. Although
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large RCTs are lacking in this domain, the current literature does suggest that GDD implan-
tation gives the best chance for long-term IOP control. Some studies put this technique
forward as a good choice for primary surgery [38,44,48,49]. Where trabeculectomy was
still considered as the primary procedure of choice in the previous flowchart (Childhood
Glaucoma, 9th Consensus Report of the World Glaucoma Association) [16], the authors of
this review suggest that glaucoma drainage implantation is preferred over trabeculectomy
in GFCS cases. The complication of tube-cornea contact and corneal decompensation can
be minimised by placing the tube in the sulcus in pseudophakic patients or pars plana with
concomitant (or prior) vitrectomy in aphakic/pseudophakic patients [41].

Cyclodestructive procedures (Table 5), plate bleb needling, and exchange or sequential
implant have proven to be effective in patients with uncontrolled IOP after a GDD implan-
tation [67–69]. Cyclodestruction is generally considered when other options have failed.
Although initially reserved for end-stage glaucomatous eyes in which multiple procedures
have failed, indications for this procedure have expanded, and it can be considered an
initial surgical approach in selected cases (Figure 3, indications according to Moorfields).

The aetiology of GFCS is largely not understood and thought to be multifactorial
in origin. A significant reduction in Schlemm’s canal (SC) size and loss of SC dilation
during physiologic accommodation in children with GFCS has recently been demonstrated,
suggesting that targeting SC may potentially offer a new management approach [70] 3.
Future research directed at better understanding the underlying aetiology is necessary
since such an understanding may have implications for the clinical management of GFCS.

One of the major strengths of this review is that it specifically focuses on the manage-
ment of the glaucoma subtype GFCS. Many reports in the literature offer a comparison of
different procedures for childhood glaucoma in general; however, the mix of diagnoses of
subjects differs between studies and different aetiologies of glaucoma do not respond in
the same manner to a particular surgical intervention. For that reason, the authors chose
to extract and analyse the outcomes separately for patients with GFCS. However, it must
be noted that the differing study results are limited by their retrospective nature, varying
study populations (including patient age and the severity of glaucoma), varying techniques
and devices, and varying number of previous surgeries as well differences in the definitions
of success and failure.

5. Conclusions

Although medical therapy is usually the first-line treatment for GFCS, multiple surgi-
cal procedures are often required to adequately control the condition. It might be worth
trying a 360-degree trabeculotomy before proceeding to glaucoma drainage device implan-
tation, since this technique offers good results and is less invasive. Glaucoma drainage
device implantation seems to give the best chance for long-term IOP control in childhood
GFCS and some studies put this technique forward as a good choice for primary surgery.
Cyclodestruction seems to be effective in some GFCS cases with uncontrolled IOP after
a glaucoma drainage device implantation. Trabeculectomy offers poor success rates in
children with GFCS, especially in children under the age of one year and children that
are left aphakic. The authors provide a flowchart to guide the management of individual
GFCS cases.
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Appendix A

Search conducted on 23 June 2019–last updated on 31 December 2021 in Pubmed (Med-
line): (“Glaucoma”[Mesh] OR Glaucoma[tiab]) AND ((“Aphakia, Postcataract”[Mesh] OR
“Aphakia”[Mesh] OR Aphak*[tiab]) OR (“Pseudophakia”[Mesh] OR “Pseudophak”[tiab]))
AND (“therapy”[Mesh] OR therap*[tiab] OR treatment[tiab] OR management[tiab]).

Search conducted on 23 June 2019–last updated on 31 December 2021 in Embase:
Concept 1: (‘disease management’/exp OR ‘management’:ti,ab) AND Concept 2: (‘aphakic
glaucoma’/exp OR ‘aphakic’:ti,ab) OR Concept 3: (‘pseudophakic glaucoma’ OR ‘pseu-
dophak’:ti,ab) Combine.

Search conducted on 23 June 2019–last updated on 31 December 2021 in Web of Science
Concept 1: TS = (Glaucoma AND Aphak* OR Pseuphak*) Concept 2: TS = (therap*OR
treatment OR management) Combine.

Search conducted on 23 June 2019–last updated on 31 December 2021 in Cochrane:
Concept 1: disease management AND Concept 2: aphakic glaucoma OR Concept 3: pseu-
dophakic glaucoma.
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Abstract: The trabecular meshwork (TM) is the main site of drainage of the aqueous humor, and its
dysfunction leads to intraocular pressure elevation, which is one of the main risk factors of glaucoma.
We aimed to compare the effects on cytoskeleton organization and extracellular matrix (ECM) of
latanoprost (LT) and a Rho-kinase inhibitor (ROCKi) on a transforming growth factor beta2 (TGF-β2)-
induced glaucoma-like model developed from primary culture of human TM cells (pHTMC). The
TGF-β2 stimulated pHTMC were grown and incubated with LT or a ROCKi (Y-27632) for 24 h.
The expression of alpha-smooth muscle actin (αSMA) and fibronectin (FN), and phosphorylation
of the myosin light chain (MLC-P) and Cofilin (Cofilin-P) were evaluated using immunofluores-
cence and Western blot. The architectural modifications were studied in a MatrigelTM 3D culture.
TGF-β2 increased the expression of αSMA and FN in pHTMC and modified the cytoskeleton with
cross-linked actin network formation. LT did not alter the expression of αSMA but decreased FN
deposition. The ROCKi decreased TGF-β2-induced αSMA and FN expression, as well as MLC-P and
Cofilin-P, and stimulated the cells to recover a basal cytoskeletal arrangement. In the preliminary
3D study, pHTMC organized in a mesh conformation showed the widening of the TM under the
effect of Y-27632. By simultaneously modifying the organization of the cytoskeleton and the ECM,
with fibronectin deposition and overexpression, TGF-β2 reproduced the trabecular degeneration
described in glaucoma. The ROCKi was able to reverse the TGF-β2-induced cytoskeletal and ECM
rearrangements. LT loosened the extracellular matrix but had no action on the stress fibers.

Keywords: glaucoma; trabecular meshwork; Matrigel; 3D culture; intraocular pressure; outflow;
cytoskeleton; rho-kinase inhibitor; prostaglandin analog

1. Introduction

Primary open-angle glaucoma (POAG) is a leading cause of irreversible blindness.
This optic neuropathy affected more than 50 million people worldwide in 2020 [1]. Its
main risk factor is elevated intraocular pressure (IOP) [2]. The trabecular meshwork
(TM), in the iridocorneal angle, is the main site of drainage of the aqueous humor, and
its dysfunction results in IOP elevation. The TM is a complex, three-dimensional struc-
ture composed of multiple layers of extracellular matrix (ECM) covered with trabecular
meshwork cells (TMC) [3].

In POAG, abnormal resistance is generated in the outflow pathway including the
juxtacanalicular TM, the inner wall of Schlemm’s canal, and its basement membrane [4]. In
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the TM, increase in resistance is linked to a mixed mechanism, including loss of TMC and
changes in their architecture and remodeling of the ECM [4–7]. Changes in the morphology
and stiffness of juxtacanalicular TM cells have been described [6]. TGF-β2 is a profibrotic
cytokine known to be involved in glaucoma pathophysiology. It is significantly elevated
in the aqueous humor of patients with POAG [8]. TM exposure to TGFβ 2 has been used
to induce ocular hypertension in animal models and cultured human anterior segment
perfusion studies [9,10]. In vitro studies have shown that TGF-β induced the synthesis by
TM cells of components of the ECM not degradable by metalloproteinases, which could lead
to increased outflow resistance [11]. TGF-β2 also increases cell stiffness by the formation of
cross-linked actin networks (CLANs) via the Rho-ROCK pathway [12].

However, this primum movens of the glaucomatous pathology is still rarely targeted
by glaucoma treatments. The only demonstrated therapeutic strategy to stop the pro-
gression of the visual field deterioration in glaucoma is to reduce IOP [2,13]. Among the
medical treatments, prostaglandin analogs (PGA) are the most effective. PGAs increase the
aqueous humor outflow. The mechanism of the hypotonic action of PGA is still imperfectly
understood. It is mainly due to a promotion of the aqueous humor outflow through the
uveoscleral route. However, an action of PGA on the TM, acting by remodeling the ECM,
was described [14,15]. In recent years, studies in the field aimed to develop medication that
act directly on the trabecular cytoskeleton. Rho-kinase inhibitors (ROCKi) represent a new
therapeutic strategy in glaucoma, which precisely target a major pathway involved in the
modifications observed in the TM [16].

The Rho GTPase/Rho kinase (ROCK) signaling pathway plays an important role
in the modulation of the cytoskeleton of cells and the synthesis of ECM [16,17]. Rho
GTPase activates its effector molecules, Rho-kinase ROCK1 and ROCK2. ROCK1 and 2
inhibit the myosin light chain phosphatase complex of Type 1 (MYPT1), thereby modifying
the actin cytoskeleton. ROCK1 and 2 also activate LIM kinases (LIMKs), leading to the
inhibition of Cofilin. This results in actin polymerization [18,19] (Figure 1). Activation
of this pathway increases resistance to outflow, while its inhibition reduces IOP [12,20].
Rho-kinase inhibitors were recently approved for clinical use [21–26].
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Figure 1. Rho-kinase signaling pathway. The TGF-β receptor (TRF-β RI-II) activates its effector
molecules, ROCKs (Rho-kinases ROCK1 and 2). ROCKs inhibit myosin light chain phosphatase
(MLCP). Phosphorylation of the myosin light chain induces actin fiber contraction. ROCKs activate
LIM kinases, which phosphorylate cofilin, leading to actin stabilization [27].

We aimed to study the effect of a ROCK-inhibitor on two major targets in glaucoma
pathophysiology: the organization of both the trabecular ECM and TM cytoskeleton. We
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used a pathological TM model induced by TGF-β2 on 2D and 3D primary cultures of
human TMC (pHTMC). Indeed, 2D cell culture models may not fully reflect the actual
architecture of the TM. Cell culture in 3D could allow us to better mimic the microenviron-
mental conditions encountered in vivo. We compared the effects of ROCKi Y-27632 on the
cytoskeleton of pHTMC and the TM ECM, with LT, the lead compound of the PGA family.

2. Materials and Methods
2.1. Primary Human Trabecular Meshwork Cell Isolation and Culture

Primary human TMC (pHTMC) was isolated from non-glaucomatous donor tissue
rings. All donor tissues were obtained and managed following the guidelines of the Dec-
laration of Helsinki for research involving human tissue. The human tissues used in our
study came from corneoscleral rings discarded after the corneal graft. Human tissues were
provided by the French eye bank, which ensured complete anonymization. The TM was
carefully dissected under a microscope from a corneoscleral ring and transported in an
Optisol-GS conservation medium (Bausch and Lomb Surgical, Inc.; Irvine, CA, USA) at
room temperature (RT). The TM samples were digested with collagenase (GibcoTM Collage-
nase, Type IV, Fisher Scientific, Cat. # 17-104-019) diluted to 10 mg/mL in culture medium
for TMC (Trabecular Meshwork Cell Medium (TMCM), ScienCell Cat. # 6591, composition:
basic medium, 2% fetal calf serum (FBS), 1% trabecular cell growth supplement, and 1%
penicillin and streptomycin solution (penicillin 10,000 U/mL, streptomycin 10,000 µg/mL))
for 30 min at 37 ◦C and then stirred at RT for 30 min. After digestion, the cells were cen-
trifuged at 1500× g for 5 min before being suspended in 250 µL of TMCM and seeded into
a 24-well plate. Cells were seeded at 100,000 cells/mL (25,000 cells per well). The cultured
cells were incubated at 37 ◦C in a humid atmosphere with 5% carbon dioxide. At 48 h, we
added 250 µL of TMCM. Fresh culture medium was supplied every 3 to 4 days. Cells were
maintained at 37 ◦C in a humidified atmosphere until 80–90% confluence was achieved,
at which point cells were trypsinized using 0.05% Trypsin/0.5 mM EDTA (GibcoTM, Cat.
#25300062, Grand Island, NY, USA) and subcultured at 1.8 × 105 cells/mL in 25 cm2 or
75 cm2 cell culture flasks with TMCM. At each passage (P), a part of the pHTMC was
seeded in 48-well plates for immunofluorescence analysis. Before use in experiments, all
pHTMC strains were characterized by immunohistochemistry. All studies were conducted
using cells before the 7th passage, and at least three different donors’ human primary cell
cultures were used for each experiment. Information about pHTMC lines are available in
supplementary data (Table S1).

2.2. Trabecular Meshwork Cell Characterization

Before use in experiments, all pHTMC strains were characterized by immunohisto-
chemistry for expression of α-smooth muscle actin (alpha-SMA), aquaporin 1 (AQP1),
chitinase-3-like 1 (CHI3L1), and CD44. Characterization was performed between the 1st
and 4th passages. The induction of alpha-SMA in response to dexamethasone (DXM)
at 100 nM for 7 days was also used. It represents a reliable marker for characterizing
trabecular cells. The pHTMC were fixed with 4% paraformaldehyde for 15 min. Then,
a saturation/permeation solution containing 0.1% Triton X-100 and 5% NGS in PBS was
employed for 1 h at RT before incubation with specific primary antibodies overnight at 4 ◦C.
Primary antibodies and dilutions used are listed in Table 1. After washing with PBS, the
cells were incubated with the corresponding secondary antibodies (Thermo Fisher, donkey
anti-mouse conjugated with Alexa fluor 594 (A21203), and donkey anti-rabbit conjugated
to Alexa fluor 488 (A21206)), at a dilution of 1/1000 for 1 h at RT. The nuclei were stained
with DAPI (1/1000 dilution).

Western immunoblot analysis of the myocilin induction in response to DXM was also
used to characterize the pHTMC in accordance with the consensus recommendations [28].
The analysis of myocilin induction by DXM compared two conditions: 1/TMCM + 2.10−3%
ethanol (control) for 6 days, and 2/TMCM + 100 nM DXM (Sigma D8893, stock solution
20 µg/mL) dissolved in ethanol for 6 days. Mouse anti-myocilin (Santa Cruz sc-137233,

165



J. Clin. Med. 2022, 11, 1001

dilution 1/100), anti-β-actin (Cell signaling 3700, 1/5000) primary antibodies, and HRP-
linked anti-mouse secondary antibody (Invitrogen) were used. Protein expression was
analyzed using Quantity One software and normalized with β-actin protein.

Table 1. Primary antibodies used in immunofluorescence for the characterization of cells.

Antibody Dilution Host Supplier Reference

Alpha-SMA 1/100 Rabbit polyclonal Abcam ab 5694

CD44 1/125 Rabbit monoclonal Abcam ab 189524

Aquaporin 1
(AQP1) 1/100 Mouse monoclonal Santa Cruz sc 25287

Chitinase-3like 1
(CHI3L1) 1/125 Rabbit polyclonal Thermo Fisher PAS-43746

2.3. Exposure to TGF-β2 and Therapeutic Molecules

pHTMC were seeded at 100,000 cells/mL in 48-well plates (100µL/well; 10,000 cells/well);
At subconfluence, TGF-β2 (5 ng/mL) was introduced in the TMCM and incubated for
24 h [29]. Then, the pHTMC were incubated for 24 h with TGF-β2 (5 ng/mL), combined
either with the ROCKi Y-27632 (Santa Cruz Biotechnology) at 25 nM [30,31] or with
Monoprost® (LT) at 1/100 (i.e., 1.15 µM) (latanoprost 50 µg/mL, Laboratoires Théa, France).
We used Y-27632 (25 nM), a ROCKi, which acts upstream of the phosphorylation of MYPT1
and Cofilin. The controls were vehicle (TMCM only) or TGF-β2 (5 ng/mL) for 48 h.

2.4. Immunocytochemistry

The effects on the organization of the cytoskeleton and of the ECM were charac-
terized in immunocytochemistry using the anti-alpha-SMA and the anti-fibronectin (FN)
antibodies, respectively. Involvement of the Rho-kinase pathway was studied using the anti-
Phospho-Myosin Light Chain 2 (Ser19) (MLC-P) and anti-Phospho-Cofilin (Ser3) (Cofilin-P).
The pHTMC were fixed with 4% paraformaldehyde for 15 min. Primary antibodies and
dilution used are listed in Table 2. After washing with PBS, the cells were incubated
with the corresponding secondary antibodies (donkey anti-rabbit, conjugated to Alexa
fluor 488 (Thermo Fisher, A21206)), at a dilution of 1/1000 for 1 h at RT. The nuclei were
stained with DAPI (1/1000). Phalloidin (Alexa 546 (A22283) 1/200) was used to label actin
filaments in the cytoplasm.

Table 2. Primary antibodies used in immunofluorescence staining.

Antibody Dilution Host Supplier Reference

Alpha-SMA 1/100 Rabbit Abcam ab5694

Fibronectin 1/100 Rabbit Abcam ab2413

Phospho-Myosin Light Chain 2 (Ser19) 1/100 Rabbit Cell signaling 3671S

Phospho-Cofilin (Ser3) 1/100 Rabbit Cell signaling 3313S

The immunofluorescence images were taken using a Nikon ECLIPSE Ti fluorescence
inverted microscope; the images were acquired with 100× and 200× magnifications and
then processed using ImageJ software (NIH, Bethesda, MD, USA).

The quantification was carried out using the Cellomics ArrayScanVTI (Thermo Fisher
Scientific, MA, USA), an imaging system that detects, analyzes, and quantifies immunoflu-
orescence staining on adherent cells. In each well, a central zone of 16 mm2 was analyzed.
Using the HCS Studio Cellomics Scan software (Thermo Scientific, version 6.6.0), we mea-
sured the total area of positive labeling, which we related to the number of nuclei. An
annular analysis pattern around each nucleus was drawn. The positive labeling area was
measured in each of these rings. This area was then related to the number of nuclei.
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2.5. Protein Extraction and Western Blot Analysis

The protein levels of fibronectin (FN) were quantified by Western blotting. Cellular
proteins were extracted with ice-cold radioimmunoprecipitation assay (RIPA) buffer (RIPA
Buffer, Sigma-Aldrich R0278) containing protease inhibitors (Complete Protease Inhibitor,
Roche, Manheim, Germany) on ice. Proteins were quantified using a bicinchoninic acid
assay (Thermo Fischer Scientific). Proteins from each sample (1 µg) were separated by
electrophoresis on a NuPAGE™ 3–8% Tris-Acetate Protein Gel (Invitrogen EA03752PK2) in
SDS running buffer (Invitrogen). The proteins were then transferred onto a polyvinylidene
fluoride (PVDF) membrane and probed with the following primary antibodies: rabbit
anti-fibronectin (Abcam ab2413, 1/500) and anti-β-actin (Cell signaling 3700, 1/1000).
HRP-linked anti-rabbit secondary antibodies (Invitrogen) were used. Bound antibody
was detected using Pierce™ ECL Plus Western Blotting Substrate (Thermo Scientific).
Protein expression was analyzed by densitometry using ImageJ and normalized to the
housekeeping proteins β-actin.

2.6. Three-Dimensional (3D) Trabecular Meshwork Cell Culture

For the 3D pHTMC culture, we used Matrigel® (Corning Inc., Tewksbury, MA, USA),
a basement membrane matrix secreted by Engelbreth–Holm–Swarm (EHS) mouse sarcoma
cells [32]. Its composition is close to that of trabecular ECM, as it contains laminin-11,
collagen IV, heparin sulfate proteoglycans, entactin/nidogen, and growth factors (FGF,
EGF, TGF beta, IGF, and PDGF) [33]. The pHTMC stained with DiO (Vybrant™ DiO
Cell-Labeling Solution, Invitrogen, V-22886) were gently mixed at a concentration of 105

cells/mL in Matrigel® diluted 1/2 in the TMCM culture medium and then sewn onto
inserts in a 12-well plate (Greiner Bio-One ThinCert cell culture insert for 12 well plates,
sterile, polyethylene terephthalate (PET) transparent membrane, pore diameter: 0.4 µm.
Cat. N◦ 665641). The cells were incubated at 37 ◦C for 30 min, and then 800 µL of TMCM
medium was added to the bottom of the well, and 200 µL in the inserts. The cells were
then let incubate at 37 ◦C in a humid atmosphere with 5% CO2. Fresh culture medium
was supplied every 3 to 4 days. The cells were exposed to TGF-β2 (5 ng/mL) for 48 h
and LT and Y-27632 for 24 h, according to the same protocol as for the two-dimensional
model. At 7 days, the 3D cultures obtained were fixed with 4% paraformaldehyde for one
hour. Actin was stained with phalloidin (1/100), and the nuclei were stained with DAPI
(1/1000) before analysis using confocal microscopy. Confocal laser scanning microscopy
was performed using an Olympus IX81 confocal microscope coupled to Fluoview software
(Olympus, Ver 4.2), and the images were acquired at 200× magnification. Confocal 3D
images were processed using Imaris3D® software (Bitplane AG, Zurich, Switzerland). All
confocal images from the same experiment were captured using the same laser intensity
and gain settings, so that the intensities of different samples could be compared.

2.7. Statistical Analysis

At least three different donors’ human primary cell cultures were used for each
experiment. Data are expressed as mean ± standard deviation. The differences between
vehicle-treated (controls), TGF-β2-treated, and TGF-β2/LT- or TGF-β2/Y27632-treated
pHTMC were analyzed using ANOVA followed by Tukey’s multiple comparisons test
(GraphPad Prism 9, LLC). p values < 0.05 were considered significant.

3. Results
3.1. Trabecular Meshwork Cell Characterization

Experiments conducted to validate our pHTMC culture are available in the supple-
mentary data (Figure S1). There are no specific markers for trabecular cells, so we used a
set of molecules known to be expressed by trabecular cells. pHTMC expressed alpha-SMA
in relation to their important contractile property in the mechanotransduction process [3].
As expected, the AQP1 and CD44 antigens were located at the pHTMC plasma membrane.
Nuclear localization of the protein CHI3L1 was found, compatible with the macrophagic
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activity of trabecular cells [34] (Figure S1b). Then, we used dexamethasone (DXM) exposure
(100 nM) for 7 days to further characterize the pHTMC through alpha-SMA induction of
and actin skeleton reorganization (Figure S1c).

Western immunoblot analysis of the myocilin induction in response to DXM confirmed
the TMC characterization in accordance with the consensus recommendations [28] (Figure S1d).

3.2. Exposure to TGF-β2

Unlike the untreated primary trabecular cells, which displayed aligned actin fibers,
after 48 h of exposure to TGF-β2 at 5 ng/mL, pHTMC exhibited rearrangements of the actin
cytoskeleton, appearing disorganized and more extended. While labeling of alpha-SMA
was more diffuse in the cytosol of untreated cells, there was a reorganization of fibers under
the effect of TGF-β2. An increase in cell stress fibers was thus observed accompanied by
the formation of CLANs (Figures 2 and 3). These CLANs were present in 38.7% (±12%)
of cells exposed to TGF-β2 and were not present in the control. Quantification of the
alpha-SMA expression was also greater after treatment with TGF-β2 compared with the
control (1.8-fold, p = 0.0116) (Figure 3b, alpha-SMA).
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Figure 2. Cytoskeletal remodeling after TGF-β2 exposure. pHTMC were treated for 48 h with TMCM
only (Vehicle) or with TGF-β2 (5 ng/mL). F-actin filaments were visualized by phalloidin staining
(red) and alpha-SMA antibody (green), and nuclei were counterstained with DAPI (blue). Right:
enlarged images from corresponding areas. Asterisks indicate CLANs.

The Rho-ROCK downstream signaling pathway for TGF-β2 induces phosphorylation
of MYPT1, which inhibits the dephosphorylation of MLC and the phosphorylation of the
intracellular protein Cofilin. After 48 h of exposure to TGF-β2 at 5 ng/mL, there was
an activation of the ROCK pathway, with increased expressions of MLC-P and Cofilin-P
compared to the vehicle-treated pHTMC (Figure 3b, MLC-P and Cofilin-P) (respectively
1.5 and 2.0-fold, p < 0.05). MLC-P immunofluorescence labeling presented the same
distribution as actin: rather diffuse in the cytosol of untreated cells and organized into
fibers after exposure to TGF-β2 (Figure 3a, MLC-P). Cofilin-P was located in the cytosol of
pHTMC, and the staining was more intense after TGF-β2 exposure (Figure 3a, Cofilin-P).

Regarding the ECM, immunofluorescence analysis showed that following exposure to
TGF-β2 at 5 ng/mL, fibronectin organized differently, with multiple joint fibrils forming
a network that appeared thicker and denser than that found in the controls (Figure 3a,
fibronectin). Quantification of the fibronectin expression was also greater after treatment
with TGF-β2 vs. control (1.8-fold, p = 0.0119) (Figure 3b, fibronectin).

Western blot analysis confirmed the induction of fibronectin expression in pHTMC
cultures after TGFβ2 treatment compared with the control (Figure 4a,b).
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Figure 3. (a) Immunofluorescence analysis of the effect of LT 0.5 µg/mL or the ROCK-inhibitor
Y-27632 25 nM for 24 h on pHTMC. pHTMC were treated for 48 h with TMCM only (Vehicle) or with
TGF-β2 5 ng/mL or with 24 h of TGF-β2 5 ng/mL followed by 24 h of TGF-β2 5 ng/mL along with
LT 0.5 µg/mL or Y-27632 25 nM. Nuclei are stained with DAPI (blue). The green staining corresponds
to the antibodies indicated. Scale bar = 30 µm. This figure shows the major effect of LT on the density
of ECM with no effect on the cytoskeleton itself. The ROCKi modified both the cytoskeleton and the
ECM relaxation. (b) Quantification, with Arrayscan, of the total positive labeling area related to the
number of cells (µm2) in fold-change (mean ± SEM). * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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Figure 4. Protein expressions in pHTMC cultures after treatment with 5 ng/mL TGFβ2 for 48 h in
the absence or presence of 25 nM Y27632 or 0.5 µg/mL LT for 24 h. (a) Representative Western blots
of fibronectin and β-actin (mean ± SEM). (b) Densitometry of Western blot analysis of fibronectin
normalized to β-actin.

3.3. Effects of Therapeutic Molecules on TGF-β2-Induced Pathological Trabecular Meshwork Model

Cytoskeletal rearrangements induced by TGF-β2 persisted under the effect of LT
(Figure 3a, alpha-SMA). The expression of alpha-SMA remained more intense than in
vehicle-treated pHTMC, which was confirmed after quantification using Arrayscan
(Figure 3b, alpha-SMA) (ANOVA, p < 0.0001, TGFβ2 vs. TGFβ2/LT ns). CLANs were
also present, and the expression profile of MLC-P and Cofilin-P did not differ qualitatively
from TGFβ2-exposed cells in immunofluorescence images, even though the quantification
showed a significant decrease in the total positive labeling area (Figure 3a,b).

Regarding the ECM, following exposure to TGF-β2 at 5 ng/mL, fibronectin increased
in density compared to that of the controls. LT greatly reduced the expression of fibronectin,
resulting in the formation of a much looser mesh compared with TGF-β2-exposed pHTMCs
(Figure 3a, fibronectin). The total positive area related to the number of nuclei was reduced
(0.55-fold) when treating the TGF-β2-exposed pHTMC with LT (p = 0.0004) compared with
TGF-β2-exposed pHTMC (Figure 3b, fibronectin). While non-significant, Western blot anal-
ysis revealed that the TGF-β2-exposed pHTMC with LT (0.5 µg/mL) seemed to decrease
the TGF-β2-stimulated expression of fibronectin (ANOVA, p = 0.0548) (Figure 4a,b).

The cytoskeletal rearrangements induced by TGF-β2 were modified by Y-27632. The
intensity of α-SMA labeling was reduced compared to TGF-β2-exposed pHTMC (p = 0.017)
(Figure 3b, alpha-SMA). Inhibition of ROCK was associated with relaxation of the cells
and disassembly of stress fibers and CLANs. A new distribution of actin fibers in the
periphery was observed in response to the alteration of the actin cytoskeleton (Figure 3a,
alpha-SMA). TGF-β2-induced MLC-P and Cofilin-P overexpression were also inhibited by
Y-27632 (p < 0.01) (Figure 3a,b, MLC-P and Cofilin-P).

Regarding the ECM, the ROCK inhibitor Y-27632 decreased fibronectin expression,
with a looser mesh and enlarged intercellular spaces compared with TGF-β2-exposed
pHTMC (Figure 3a, fibronectin). The labeling quantification revealed a reduction in
fibronectin expression compared to TGF-β2-exposed pHTMC (p = 0.0062) (Figure 3b,
fibronectin). Western blot analysis showed that treating the TGF-β2-exposed pHTMC with
the ROCK inhibitor Y-27632 (25 nM) for 24 h decreased the TGF-β2-induced overexpression
of fibronectin (Figure 4a,b).

3.4. Three-Dimensional Trabecular Meshwork Cell Cultures

Figure 5 shows the 3D organization of pHTMC in MatrigelTM. The pHTMC organized
in a mesh conformation with interconnections and the formation of intercellular spaces.
Visual observations show that TGF-β2 induced rearrangements of the cytoskeleton with an
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organization of actin into more extensive fibers and decreased intercellular space. There
was no modification of the actin disposition nor of the intercellular spaces after exposure to
LT. However, the changes induced by TGF-β2 were modified under the effect of Y-27632.
Actin fibers were less extensive, resulting in the widening of spaces between cells (Figure 5).
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Figure 5. Confocal microscopy images of the 3D cultured pHTMC. Analysis of the effect of the ROCK
inhibitor Y27632 at 25 nM for 24 h and the effect of LT at 0.5 µg/mL on primary human pHTMC
treated with TGF-β2 at 5 ng/mL for 48 h. The cells were treated with TMCM alone (vehicle), 5 ng/mL
of TGF-β2 for 48 h, or with TGF-β2 (5 ng/mL) for 24 h followed by a combination of TGF-β2 at
5 ng/mL and with Y-27632 (25 nM) or LT (0.5 µg/mL) for 24 h. Actin fibers are stained in red by
phalloidin, membranes with DiO (green), and nuclei with DAPI (blue). Magnification 200×. Scale
bar = 30 µm.

4. Discussion

In the present study, we used an in vitro TGF-β-induced pathological TM model from
primary cultures of human trabecular cells. We first showed an effect of TGF-β2 on the
organization of the cytoskeleton, with the formation of CLANs, and an increase in its
contractibility, as well as an effect on the ECM, with an increase in fibronectin deposits. We
also demonstrated activation of the ROCK pathway. We then showed that ROCKi has a
dual effect on pHTMC with action on both the fibronectin deposition and the cytoskeleton,
whereas latanoprost only acts on ECM degradation.

The family of TGF-β cytokines is known to be associated with impairment of several
cellular functions, including differentiation, proliferation, and remodeling of the ECM [35].
The profibrotic role of TGF-β2 and its presence in the aqueous humor of patients with
glaucoma implicates its potential role in the pathogenesis of ocular hypertension through
TM degeneration/dysfunction [36]. In our study, we showed that TGF-β2 activated the
Rho-ROCK pathway in TMC and induced actin fiber rearrangement and co-localization of
alpha-SMA to stress fibers. TGF-β2 also induced fibronectin deposition. By simultaneously
modifying the organization of the cytoskeleton and the ECM, with fibronectin deposition
and overexpression, TGF-β2 allows the trabecular degeneration described in glaucoma
to develop. TGF-β2 was also used in a TM model by Torrejon et al., who described the
production of ECM and increased resistance to the aqueous humor outflow in vitro [37].
Ota et al. also showed that TGF-β2 enhances transendothelial electrical resistance in a
culture of HTM [38]. Glucocorticoids such as dexamethasone are often used to model
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trabecular degeneration because they modify the cytoskeleton of TMC and the ECM.
However, this corresponds more to the modifications obtained in corticosteroid-induced
iatrogenic glaucoma, which constitutes a subtype of open-angle glaucoma [39]. This
constitutes an advantage of the TGF-β2-induced model of TM alteration compared to
the use of glucocorticoids. One of the limitations of our study is that we did not study
the effect of therapeutic molecules in the absence of TGF-β2. Torrejon et al. studied
the effect of Y-27632 alone on fibronectin expression of TMC and found no difference
with the control. However, they demonstrated that Y-27632 in combination with TGF-β2
substantially decreased the expression of fibronectin compared to samples treated with
TGF-β2 alone. Compared to vehicle control, TGF beta2/Y-27632 combined treatment
increased fibronectin, demonstrating that the ROCKi counteracts the otherwise fibrotic
effect of TGF-β2, effectively lowering ECM accumulation [37].

We highlighted an action of latanoprost on the fibronectin deposition without action
on the cytoskeleton. This is consistent with the literature. Kalouche et al. showed that la-
tanoprost decreased the accumulation of collagen onto cultured human trabecular cells [40].
Bahler et al. studied the effect of latanoprost on histologic sections of the anterior segment
of the eye and observed focal losses of ECM in the juxtacanalicular region of the TM [15].

Moreover, in our study, we enriched our result on a three-dimensional (3D) TM
cellular model. Our preliminary results presented an interesting tool to advance re-
search on this pathology by taking into account biomechanics, which is a key element
in the pathophysiology of glaucoma [41]. Nevertheless, for the moment, the results
provided are only qualitative, which constitutes a limitation of the study. Quantifi-
cation work is in progress. The 3D cell cultures in MatrigelTM allowed us to obtain a
meshed organization of trabecular cells with interconnections and the formation of
intercellular spaces, which we did not find in 2D, and which better reflects the real
anatomy of the TM. We were able to show with this model that the ROCKi Y-27632
widened the meshes between the cells by modifying the cytoskeleton of pHTMC. Cell
culture in 3D recreates the conditions of the microenvironment encountered in vivo
and provides cells with an environment allowing them to interact with each other
and with the ECM. It would also help to better understand not only the physiological
function of the TM but also its behavior under conditions of stress or toxicity, as well
as the effect of medications [42]. This 3D TM model was first used by Bouchemi et al.
to study the effect of benzalkonium chloride (BAK), a preservative commonly used
in eye drops [29]. They showed that BAK induced inflammatory chemokines and
inhibited the activity of MMPs, which play a crucial role in ECM degradation and
increased outflow facility. Further research will be necessary to better exploit all the
information provided by this model. Indeed, the main biomechanical cues experienced
by TMC are not investigated in this article. For example, TMC in vivo are subjected
to a significant pressure change, shear stress, and mechanical stretch. Rigidity and
outflow measurement systems using this model might also be implemented to improve
the relevance of the model. Analysis and understanding of the pathophysiology of the
TM are essential for understanding and treating glaucoma.

We also showed the involvement of the ROCK signaling pathway in the stiffening
of the TM and that the inhibitor Y-27632 modified the TGF-β2-induced cytoskeletal rear-
rangements. Previous studies have demonstrated the changes in pHTMC cytoskeleton
organization with a modification of cell shape and actomyosin organization [43–45]. A
new distribution of actin fibers in the periphery was observed in response to the alteration
of the actin cytoskeleton. This redistribution was first described by Murphy et al. and
qualified as cortical actin arrays (CAA) [46]. In our study, there was also reversibility of
ECM deposition induced by TGF-β2 after treatment with ROCKi. Indeed, the ROCKi
Y-27632 decreased TGF-β2-induced fibronectin deposition. A recent study by Li et al. also
demonstrated the antifibrotic activity of a rho-kinase inhibitor on an in vivo glucocorticoid-
induced ocular hypertension model [39]. Our work confirmed the anti-fibrotic action of
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ROCK inhibitors to prevent cell contractility and accumulation of ECM, consistent with
studies by Torrejon et al., Pattabiraman et al., and Ota et al. [12,37,38].

Although it is known that the mechanism of action of PGA relies on increased ex-
pression of MMP in the TM, few studies have investigated the remodeling of the ECM
by MMPs under the effect of ROCKi [47]. Torrejon et al. showed that after 3 and 5 days,
TMC exposed to MMP2 mRNA-level in TMC was enhanced after a 3-days co-treatment
with Y27632 and TGF-β2 [37]. Watanabe et al. showed that the addition of a pan-ROCKi
(ripasudil 10 nM) to TGF-β2 (5 ng/mL)-exposed TMC induced significant up-regulation
of MMP2, MMP9, and MMP14 at Day 6 [48]. Further studies exploring MMP and TIMP
expression in TMC after PGA and ROCKi exposure would be of interest.

A ROCK inhibitor, 0.02% netarsudil (Rhopressa® (US)/Rhokiinsa® (EU), Aerie Phar-
maceuticals, Inc., NC) received Food and Drug Administration approval in December 2017
and marketing authorization to the European Medicines Agency in November 2019 for low-
ering IOP in patients with POAG [49]. Another molecule from the same family, ripasudil
(Glanatec®, Kowa Pharmaceuticals, Japan) was approved by the Japanese health authori-
ties in 2014 for the treatment of glaucoma, or ocular hypertension, as a second line after
prostaglandin therapy [50]. In addition, the combination of netarsudil with latanoprost was
clinically developed and led to a new formulation (Rocklatan® (US)/Roclanda® (EU), Aerie
Pharmaceuticals, Inc., Bedminster, NC, USA), which had a greater effect on the reduction
of IOP than either of its two components, by reducing IOP by an additional 1.8 mmHg on
average compared to netarsudil, and 2.7 mmHg compared to latanoprost [51,52]. Although
we have not tested the combination of the two molecules, our work suggests that the
significant effect of latanoprost on fibronectin deposition associated with the remodeling of
the ROCK inhibitor cytoskeleton could effectively lead to a significant decrease in resistance
to the aqueous humor outflow.

5. Conclusions

We used an in vitro TGF-β2-induced TM remodeling mimicking glaucomatous tra-
beculopathy to confirm the effects of both a ROCKi and a PGA on the TM. We showed that
ROCK inhibition had an action on the TM cells’ cytoskeleton by reducing actin stress fibers,
as well as on ECM release. In our model, we also demonstrated that latanoprost loosened
the ECM.

Supplementary Materials: The following supporting information can be downloaded at https:
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Abstract: The effect of intraocular injections of anti-vascular endothelial growth factor (VEGF) on
intraocular pressure (IOP) has not been clearly stated. We extracted data from the electronic health
records at Dijon University Hospital of 750 patients who were unilaterally injected with anti-VEGF
agents between March 2012 and March 2020. These were treatment-naïve patients who had received
at least three injections of the same treatment (aflibercept, bevacizumab, or ranibizumab) in one eye
only, and had IOP measurements before and after the injections. Fellow untreated eyes were used
as comparators. A clinically significant IOP rise was determined as an IOP above 21 mmHg and an
increase of at least 6 mmHg compared to baseline, or the need for IOP-lowering agents. We found an
overall slight increase in IOP between treated and untreated eyes at 6 months (+0.67 ± 3.33 mmHg,
95% confidence interval 0.33–1.02, p < 0.001). Ranibizumab had a higher final IOP at 1 and 3 months.
Age, sex, and the number of injections were not associated with IOP variation. Ranibizumab was
associated with a higher rate of increase in clinically significant IOP at 6 months (p = 0.03). Our
study confirms that anti-VEGF injections constitute a relatively safe treatment regarding their impact
on IOP.

Keywords: intravitreal injection; anti-VEGF agents; intraocular pressure

1. Introduction

Various retinal diseases can lead to central vision impairment. In high-income coun-
tries, population aging has led to an increase in chronic diseases, such as choroidal neovas-
cularization in age-related macular degeneration (AMD), which is one of the main causes
of irreversible blindness [1]. Other retinal conditions, such as high myopia, retinal vein
occlusion (RVO), and diabetic macular edema (DME), may also lead to severe central vision
impairment if left untreated, and these conditions have also seen a significant increase
in prevalence [2]. These diseases have a major impact on the quality of life of patients
and represent a heavy burden on public health costs [3,4]. Their prognosis has critically
improved with the availability of intravitreal injections (IVTs) of anti-vascular endothelial
growth factor (anti-VEGF) agents. However, the maintenance of visual acuity requires
regular injections over several months or years. Protocols have been established, such as
treat and extend, to limit the number of injections and, thereby, the cumulative risk of
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complications; however, the average number of injections remains at 7–8 injections per year
of treatment [5]. According to the French medical–administrative database, the use of IVTs
doubled between 2012 and 2015 [6]. It is, therefore, important to study the occurrence of
adverse events after IVTs, such as increased intraocular pressure (IOP) [7].

Indeed, it has been shown that IVTs are responsible for a transient elevation in IOP,
with a return to normal levels within 1 h of IVT administration [8–10]. This increase in IOP
is related to the mechanical consequences of injecting a volume of liquid into an inextensible
globe [8,11]. However, the effect of anti-VEGF agents on long-term IOP elevation is still
debated. A recent meta-analysis found mixed results regarding the effect of anti-VEGF
agents on long-term IOP elevation [12]. Eight studies demonstrated that between 2.6%
and 14.8% of patients exhibited IOP elevation 9–24 months after treatment, according
to predetermined criteria. Six studies did not find a change in IOP during follow-up,
which ranged from 1 to 36 months, or when compared with a control group that did
not receive IVT. Moreover, the results were unclear as to whether the type of anti-VEGF
agent, the number of injections, or pre-existing glaucoma were associated with sustained
IOP elevation.

Here, we aimed to study the impact of intravitreal anti-VEGF injections on mid-term
IOP variations.

2. Materials and Methods
2.1. Study Design and Population

This study included patient data from a tertiary-center electronic health record (EHR)
registry in the Ophthalmology Department of Dijon University Hospital. From this registry,
treatment-naïve patients receiving unilateral IVTs for any retinal disease from 5 March
2012 to 27 March 2020 were included in the study. Exclusion criteria were any patient
who had previous anti-VEGF or steroid treatments, patients injected in both eyes, patients
under the age of 18 years, patients treated with fewer than 3 injections, patients who had
a change in anti-VEGF agent during their treatment without a period of wash-out and
IOP measurements. Patients treated with at least three unilateral anti-VEGF injections
of the same drug were included in the analysis and were defined as completers; the
data of 750 patients were therefore analyzed (Figure 1). Our study complied with the
Declaration of Helsinki, and the locally appointed ethics committee gave approval for the
research protocol.
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2.2. EHR Description

Data were extracted from specific software designed for ophthalmology practice
(Softalmo Corilus SA, Gembloux, Belgium). This software is autonomous, with an admin-
istrative part for patient identification and a medical part for eye examination follow-up.
Patients’ files are updated at each consultation by practitioners to create a single and exhaus-
tive individual medical record. The software is organized into different examination fields,
such as “refraction,” “retina,” “angiography,” “intravitreal injection,” “surgery,” “prescrip-
tions,” etc., which allow for precise and quick browsing. IOP was measured with the air
puff tonometer Tonoref II (Nidek, Tokyo, Japan) by trained technicians. In the “intravitreal
injection” field, specific items were systematically entered, such as “diagnosis” and “type
of injection.” An associated research software (Ophtalmo Query, Softalmo Corilus SA,
Gembloux, Belgium) was used to extract specific data from the Softalmo Software database.

2.3. Algorithm Elaboration

To create the algorithm used in this study, we first extracted data using Ophtalmo
Query. The variables retained were age, sex, consultation dates, IOP, diagnosis, type, and
number of injections, surgeries, and prescriptions. The SAS statistical analysis software
package (version 9.4; SAS Institute Inc., Cary, NC, USA) was then used to elaborate the
different extraction programs. The analysis included any patient for whom a single eye
was treated with a minimum of three injections of the same anti-VEGF agent. The anti-
VEGF treatments under study were aflibercept, bevacizumab, or ranibizumab. Patients
who met these criteria were defined as completers. The end of treatment occurred when
exudation regressed, when a different type of anti-VEGF agent or steroid was used, or
if the contralateral eye had to be injected. For each patient, we calculated the change in
IOP from baseline to the end of treatment. Baseline IOP was calculated as the mean of
the different IOP measurements available in the year preceding the anti-VEGF treatment.
The final IOP was classified into the following three groups: IOP at 1, 3, or 6 months
after the end of treatment. A clinically significant IOP elevation was determined as an
IOP above 21 mmHg and a rise of at least 6 mmHg compared to baseline, or the need for
an IOP-lowering treatment (medical treatment for at least 3 months or surgery) [13,14].
IOP data were collected for the treated eye and the contralateral, untreated eye. We also
considered glaucoma (surgery and medical treatments) and any eye surgery impacting IOP,
such as cataract surgery or vitrectomy, during the study.

2.4. Statistical Analysis

Continuous variables were tested with a Shapiro–Wilk test and are expressed as mean
± standard deviation (SD). Dichotomous variables are expressed as numbers (percentages).
A Wilcoxon test was used for univariate analysis. A generalized linear model for continuous
outcome (IOP variation) on repeated measures was used and controlled for potential
confounders, such as sex, age, baseline IOP, type of anti-VEGF agent, number of anti-VEGF
injections, history of glaucoma, history of vitrectomy, history of cataract surgery, and
glaucoma surgery or medication during the treatment, including the random subject effect.
Factors associated with the incidence of clinically significant IOP elevation were evaluated
via binary logistic regression. Statistical significance was set at p < 0.05 (two-tailed tests). All
data processing and statistical analyses were performed using the SAS statistical analysis
software package (version 9.4; SAS Institute Inc., Cary, NC, USA).

3. Results
3.1. Population

From our registry of 3590 patients with IVTs, a total of 750 patients met the inclusion
criteria (Figure 1). The completers were younger (71.9 ± 13.7 vs. 73.6 ± 13.0 years,
p = 0.002), and presented with a higher rate of RVO (25.5% vs. 13.0%, p < 0.001) and a lower
rate of DME (16.8% vs. 21.2%, p = 0.005) when compared with the non-included patients.
The baseline characteristics of the patients included in the analysis are displayed in Table 1.
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Table 1. Baseline characteristics of patients injected with anti-vascular endothelial growth factor agents.

Number of Eyes Enrolled (Patients) 1500 (750)

Mean ± SD Age, Years 71.9 ± 13.7

Sex, n (%)
Female 435 (58.0%)

Baseline IOP, mmHg ± SD
Treated eyes 14.6 ± 2.7

Untreated eyes 15.0 ± 2.8
Mean ± SD IOP measurement, days

1 month after the last injection 323 ± 340
3 months after the last injection 374 ± 333
6 months after the last injection 458 ± 327

Retinal disease, n (%)
AMD 347 (46.3%)
RVO 191 (25.5%)
DME 126 (16.8%)

Myopic CNV 27 (3.6%)
Others 59 (7.8%)

Mean ± SD number of injections 6.3 ± 4.7
Cataract surgery during the study, n (%) 54 (7.2%)

Vitrectomy during the study, n (%) 18 (2.4%)
n = number of eyes; IOP = intraocular pressure; AMD = age-related macular degeneration; RVO = retinal vein
occlusion; DME = diabetic macular edema; CNV = choroidal neovascularization; SD = standard deviation.

3.2. IOP Variation

We found an IOP elevation in treated versus untreated eyes from baseline to IOP,
measured at 1, 3, and 6 months after the end of the treatment, of +0.15 ± 2.96 mmHg
(95% confidence interval (CI), −0.08–0.38, p = 0.09), +0.46 ± 2.94 mmHg (95% CI, 0.18–0.78,
p < 0.001), and +0.67 ± 3.33 mmHg (95% CI, 0.33–1.02, p < 0.001), respectively. A significant
difference between treated and untreated eyes was also found, depending on the injected
drug (Table 2).

Table 2. Intraocular pressure variation in treated eyes compared with untreated fellow eyes.

Anti-VEGF Agent n Delta IOP at 1
Month, mmHg p Value Delta IOP at 3

Months, mmHg p Value Delta IOP at 6
Months, mmHg p Value

Aflibercept 205 −0.68 <0.001 −0.19 0.40 0.71 0.01
Bevacizumab 17 −0.48 0.48 0.37 0.68 0.02 0.98
Ranibizumab 528 0.48 <0.001 0.73 <0.001 0.61 0.001

IOP = intraocular pressure; delta IOP = difference between baseline IOP and IOP at x month after the last injection;
VEGF = vascular endothelial growth factor; p value of the paired difference test (Wilcoxon test).

When considering the anti-VEGF agent injected in treated eyes, the IOP at 1 month and
3 months was significantly higher with ranibizumab than with aflibercept or bevacizumab
(p < 0.001 and p = 0.004, respectively), but there was no difference at 6 months (Figure 2).
The change in IOP was not correlated with the number of injections at any time (Figure 3).
Other factors, such as age at treatment initiation (p = 0.11), sex (p = 0.27), retinal disease
treated (p = 0.13), and vitrectomy surgery (p = 0.36), were not found to impact the IOP in
treated eyes. Cataract surgery was associated with a lower IOP in treated eyes at 1, 3, and
6 months after the last injection (p < 0.001, p = 0.006, p < 0.001, respectively), while a higher
IOP at 1 month was found in patients treated for glaucoma (p = 0.019), but not at 3 and
6 months.
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Figure 2. Variation between baseline intraocular pressure and intraocular pressure at 1, 3, or 6 months
(A–C, respectively) depending on anti-VEGF agent used in treated eyes.

Multivariate analysis confirmed that after adjusting for cataract surgery and anti-
glaucomatous treatment, the type of anti-VEGF agent was still associated with variation in
IOP in treated eyes at 1 and 3 months (p = 0.001 and p = 0.005, respectively). However, this
effect disappeared 6 months after the last injection.

3.3. Clinically Significant IOP Rise

No difference in IOP elevation was observed between treated and untreated eyes,
as defined previously. Regarding anti-VEGF agents, ranibizumab was associated with a
higher rate of IOP elevation at 6 months than aflibercept (3.60% vs. 3.41%, p = 0.031). The
administration of six injections or more was associated with a higher rate of IOP increase
at 1 month from the last injection (6.36% vs. 2.97%, p = 0.040), but this effect was no
longer observed at 3 and 6 months. Other factors, such as age, sex, retinal disease treated,
cataract surgery, or vitrectomy surgery, were not associated with a higher rate of clinically
significant IOP elevation.
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Figure 3. Variation between baseline intraocular pressure and intraocular pressure at 1, 3, or 6 months
(A–C, respectively) according to the number of injections. IOP = intraocular pressure; p value testing
the null hypothesis that the linear regression line slope is zero.

4. Discussion

In this study, we found a minimal IOP elevation after anti-VEGF injections, taking into
account potential confounders. This change in IOP increased with time. A previous study
did not find a difference in the mean change in IOP between treated and untreated fellow
eyes during follow-up, but IOP was not measured after the end of anti-VEGF treatment [15].
Another study comparing IOP changes between treated and untreated eyes after the end
of anti-VEGF treatment found a slight decrease in IOP in treated eyes, but the timing of
the final IOP measurement was not reported [16]. However, these results are probably not
clinically relevant in terms of the range in variations, as outlined in a recent review of the
literature [17], and this study does not outweigh the positive effects of injections on visual
acuity gain.

The anti-VEGF agent ranibizumab was associated with a significantly higher IOP
change from baseline at all times, while aflibercept showed an IOP decrease at 1 month. In
the Intelligent Research in Sight (IRIS) study, a decrease in IOP in treated versus untreated
eyes was observed with bevacizumab and aflibercept, but not with ranibizumab [16]. In the
present study, we observed that IOP variation was time dependent, which could explain the
difference in results with the IRIS study. The size of the study population in the latter study
was also significantly larger. Closer to our results, Freund et al. showed that the IOP in the
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aflibercept group decreased during follow-up compared with the baseline measurements,
while the IOP was consistently higher in the ranibizumab group [15]. In a recent study,
a lower mean IOP change and fewer cases of IOP elevation were found in eyes treated
with aflibercept compared to those that received bevacizumab or ranibizumab [18]. In
our study, 6 months after aflibercept treatment, the IOP had returned to baseline. We
could presume that the IOP-lowering effect of aflibercept was transient. There is no clear
explanation as to why IOP was lower with aflibercept; in contrast, arguments for a higher
IOP with ranibizumab have already been proposed, such as larger protein aggregates,
worse vitreal solubility, and endotoxin-induced trabeculitis, since ranibizumab is produced
within Escherichia coli cells [15,19]. Interestingly, in the HAWK and HARRIER studies of
the efficacy and safety of a new anti-VEGF agent, brolucizumab, the incidence of increased
IOP was reported to be similar in the brolucizumab and aflibercept groups, 30 min after
injection [20]. It would be interesting to know its effect on IOP in the long term, especially
because this molecule would require fewer injections. As found in the IRIS study, our
analysis showed that cataract surgery was a factor that modified the IOP in treated eyes,
while the number of injections was not [16]. While cataract surgery, and, thus, pseudophakic
status, was associated with lowered IOP, as in other studies [21,22], this was not the case
for vitrectomy. One hypothesis is that intraocular lenses, because of their smaller size
than native lenses, offer less resistance to the flow of fluids from the vitreous cavity to
the anterior chamber [22]. The effect on the decrease in intraocular pressure after cataract
surgery has been widely demonstrated. Conversely, vitrectomy would be responsible
for a transient increase in IOP, possibly related to the oxidative stress of the trabecular
meshwork [23], and then, in the long term, an unchanged IOP [24].

We did not find any difference in the occurrence of clinically significant IOP elevation
when comparing treated eyes with untreated fellow eyes, which is in accordance with a
previous study with a similar design to ours [25]. Our results differed from those of the
IRIS study, where a clinically significant rise in IOP was more common in treated than in
untreated eyes [16]. Our study found a higher rate of IOP elevation in both treated and
untreated eyes than the rate reported in the IRIS study. This difference could be explained by
our composite criteria for clinically significant IOP elevation, which included IOP-lowering
treatment, contrary to the IRIS study. However, we share a similar finding regarding the
higher rate of significant IOP elevation with ranibizumab compared with untreated eyes.
In our study, 3.60% of the patients treated with ranibizumab experienced an IOP rise versus
2.55% in untreated eyes. In the IRIS study, the rate in treated eyes was 2.80% versus 1.30%
for untreated eyes. The MARINA and ANCHOR trials also found a higher rate of clinically
significant IOP elevation with ranibizumab compared with controls [26]. Similar findings
were reported in the Diabetic Retinopathy Clinical Research Network (DRCRnet) study
between eyes treated with ranibizumab and those treated with laser surgery, but only in a
population of patients with diabetes [27]. As found in other studies, the clinically significant
IOP rise was not related to the number of injections [13,26]. Some studies showed a possible
link between higher rates of IOP elevation and repeated injections, but they also showed a
higher mean number of injections, especially the study by Hoang et al., which included
20.8 injections compared to the 6.3 included in our study [16,28,29]. Older age, male gender,
and retinal disease were not associated with IOP elevation in our study; however, a recent
study that did not use controls and allowed switching in the analysis, but had a longer
follow-up of 3 years, found an association [30].

Regarding the characteristics of the pathologies treated in our population, there was
a significant prevalence of RVO, which can be explained by our inclusion criteria. This
disease is more frequently unilateral, and, thus, patients with RVO were more likely to be
included than patients with frequently bilateral diseases, such as AMD or DME. Although
RVO is associated with IOP changes and glaucoma, our results were adjusted for retinal
disease to address this potential confounding bias. However, a recent study by Ahmad
et al. found that a significant proportion of patients treated with anti-VEGF for RVO had
an increase in IOP of more than 10 mmHg at 5 years after the initiation of anti-VEGF
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therapy [31]. It would, therefore, be interesting to study the evolution of IOP in these
patients treated for RVO in a few years.

We acknowledge several limitations in our study. Firstly, the retrospective design
does not meet the quality of prospective clinical trials, especially regarding data collection.
Secondly, a minority of patients were treated with bevacizumab compared to those treated
with aflibercept and ranibizumab, limiting our conclusions on bevacizumab. Thirdly, IOP
is subject to diurnal fluctuations, and the IOP of patients in our study was not measured at
the same time at each visit [32]. However, we calculated a mean IOP for baseline and at 1,
3, and 6 months after the last injection, when more than one measurement was available.
Fourthly, although the IOP was not measured with Goldmann applanation tonometry, a
strength of our study was that the same non-contact tonometer (NCT) was used for every
patient. Finally, although this study considered IOP-lowering treatments, it did not address
other direct indications of glaucoma risk or progression, including optic nerve function and
structure assessments. One of the strengths of our study that only unilateral injections were
considered, taking the contralateral eye as a comparator, using mixed models stratified at
the patient level.

In conclusion, this study confirms the relative safety of anti-VEGF injections regarding
IOP changes. The slight IOP elevation found in treated versus untreated eyes was not
clinically relevant. Injections were not associated with more cases of clinically significant
IOP elevation compared with untreated fellow eyes, except for ranibizumab at 6 months
after the last injection.
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Abstract: Dysregulated levels of growth/differentiation factor-15 (GDF15), a divergent member of the
transforming growth factor-beta super family, have been found to be associated with the pathology
of various diseases. In this study, we evaluated the levels of GDF15 in aqueous humor (AH) and
serum samples derived from primary open-angle glaucoma (POAG) and age- and gender-matched
non-glaucoma (cataract) patients to assess the plausible association between GDF15 and POAG.
GDF15 levels were determined using an enzyme-linked immunosorbent assay, and data analysis was
performed using the Wilcoxon rank sum test, or the Kruskal–Wallis test and linear regression. GDF15
levels in the AH (n = 105) of POAG patients were significantly elevated (by 7.4-fold) compared to
cataract patients (n = 117). Serum samples obtained from a subgroup of POAG patients (n = 41)
also showed a significant increase in GDF15 levels (by 50%) compared to cataract patients. GDF15
levels were elevated in male, female, African American, and Caucasian POAG patients. This study
reveals a significant and marked elevation of GDF15 levels in the AH of POAG patients compared to
non-glaucoma cataract control patients. Although serum GDF15 levels were also elevated in POAG
patients, the magnitude of difference was much smaller relative to that found in the AH.

Keywords: glaucoma; aqueous humor; GDF15; serum; intraocular pressure

1. Introduction

Glaucoma, a group of optic neuropathies, is the second leading cause of irreversible
blindness worldwide. Among the various characterized types of glaucoma, primary-open
angle glaucoma (POAG) accounts for more than 70% [1,2]. Although the etiology of
POAG is poorly understood, elevated intraocular pressure (IOP) due to impaired aqueous
humor (AH) drainage through the trabecular pathway has been identified as a major risk
factor for POAG [3,4]. Lowering of IOP has been demonstrated to slow down retinal
ganglion cell death and vision loss in glaucoma patients, and is a mainstay of treatment
for glaucoma [3–5]. Though several IOP-lowering drugs are currently available, many of
them do not possess adequate efficacy to control IOP in glaucoma patients, with several
posing considerable adverse effects [3]. Therefore, a better understanding of the etiology
of ocular hypertension and impaired AH outflow through the trabecular pathway, which
accounts for more than 80% of AH outflow in glaucoma patients, is necessary to enable the
development of targeted and efficacious IOP-lowering drugs [4,6].
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Dysregulated levels of various secretory proteins in the AH, including transforming
growth factor-beta (TGF-β), endothelin-1, connective tissue growth factor, and lysophospho-
lipid-producing enzyme autotaxin, have been shown to be associated with POAG and
elevated IOP [7,8]. We recently reported that human trabecular meshwork cells express
and secrete growth/differentiation factor 15 (GDF15), suggesting its plausible role in the
regulation of IOP [9]. GDF15 is a distant member of the TGF-β superfamily, and is widely
expressed in multiple mammalian tissues albeit in low concentrations [10,11]. GDF15 is
often induced under stress and with aging [12], and is involved in the homeostasis of
cell and tissue function [11]. Elevated GDF15 levels are linked to various pathological
conditions, including inflammation, cardiovascular disease, cancer, obesity, and kidney
disease [13–15]. GDF15 has thus been widely explored as a prognostic biomarker in several
diseases [11,14].

Previous studies have reported significant elevations in AH and serum levels of GDF15
protein in small cohorts of POAG and pseudoexfoliation glaucoma patients, where the
increased levels of AH GDF15 exhibited a positive correlation with disease severity [16–18].
The findings from these studies were inconsistent, however [18], and did not include an
evaluation of GDF-15 in AH and serum derived from the same cohort of patients [16,19].
Therefore, to undertake an independent evaluation of the status of GDF15 levels in the AH
and serum from the same population of glaucoma patients, and to understand the plausible
role of GDF15 in the pathobiology of ocular hypertension, we determined the levels of
GDF15 in AH and serum samples derived from POAG and age- and gender-matched non-
glaucoma (cataract) patients. The findings of this study reveal elevated levels of GDF15 in
the AH, as well as the serum, of POAG patients, indicating the plausible role for GDF15 in
the pathobiology of ocular hypertension.

2. Materials and Methods

Human Subjects: Research involving the collection of human AH and blood samples
was approved by the Institutional Review Board (IRB; Protocol No. Pro00093311)/Ethics
Committee of Duke University Medical Center, in compliance with Health Insurance
Portability and Accountability Act guidelines, and the tenets of the Declaration of Helsinki.
Written informed consent was obtained from patients prior to the collection of AH and
blood samples. All samples analyzed in the study were obtained from patients who
underwent cataract or glaucoma surgeries at the academic Duke University Eye Center.
Only one eye per patient was enrolled for glaucoma and non-glaucoma subjects. Samples
were collected starting from the beginning of 2017 to the end of 2020.

Clinical Assessment: Patients underwent a review of medical history, measurement of
best-corrected visual acuity and refraction, slit lamp biomicroscopy, gonioscopy, and Gold-
mann applanation tonometry (Haag-Streit Diagnostics, Essex, UK). In glaucoma patients,
disc and red-free fundus photography, gonioscopy, and optical coherence tomography
(OCT; Heidelberg Engineering Inc., Franklin, MA, USA) were performed. POAG was
defined as the presence of glaucomatous optic neuropathy associated with typical repro-
ducible glaucomatous visual field defects without any other ocular disease or conditions
that might elevate IOP, and an open angle on gonioscopy. A glaucomatous visual field
change was defined either as: (1) an outside normal limit result on the glaucoma hemifield
test; (2) three abnormal points with a <5% probability of being normal, including one with
a probability <1% by pattern deviation; or (3) a pattern standard deviation of 5% if the
visual field was otherwise full, as confirmed on two consecutive tests. Disease severity of
glaucoma, including mild, moderate, and severe classification, was based on the ICD-10
coding of each patient. Pigment dispersion syndrome and psuedoexfoliation syndrome
cases were excluded. In the cataract and POAG patients, the rate of comorbidities (sys-
temic diseases), medications (including cholesterol-, glucose-, and hypertension-lowering
drugs; atropine, multivitamin supplement, calcium supplement, Tylenol, gabapentin, and
Flonase), and smoking were found to be very close. Use of sildenafil was identified in some
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of the cataract patients, but was not significant. As anticipated, most of the POAG patients
were on one or more IOP-lowering medications prior to glaucoma surgery.

Collection of aqueous humor and blood samples: AH samples were collected at the
initiation of cataract or glaucoma surgery. A tuberculin syringe with a 30-gauge needle was
inserted into the anterior chamber through a limbal paracentesis tract at the start of the
surgery, and approximately 40–100 µL of AH was slowly aspirated. The AH samples were
transferred from the syringe to a 1.5 mL Eppendorf tube, and centrifuged at 1000× g for
10 min at 4 ◦C. The supernatant obtained from the AH samples was collected and stored at
−80 ◦C until further use.

Blood samples from the patients were collected by venipuncture by the triage nurse
using a BD Vacutainer push button blood collection set, and the blood was carefully dis-
pensed into serum blood collection tubes from Becton, Dickinson, and Company, Franklin
Lakes, NJ. Tubes containing blood samples were inverted gently five times, rested at room
temperature for 30 min, and centrifuged for 15 min at 1000× g using a benchtop Eppendorf
centrifuge at room temperature. Serum samples were collected into bio-safe tubes, and
stored at −80 ◦C until further use.

Detection of GDF15: A human GDF15 enzyme-linked immunosorbent assay kit (Hu-
man GDF15 DuoSet ELISA, R&D Systems, Inc., Minneapolis, MN, USA) was used to
determine the levels of GDF15 in both AH and serum samples. Analysis was performed
in a masked manner, and per the manufacturer’s protocol, which included appropriate
standards and background controls, using a SpectraMax M3 plate reader (Molecular De-
vices, San Jose, CA, USA). Ten microliters of AH was used in duplicate for each sample
analyzed. Serum samples were diluted 10-fold with diluent buffer provided in the kit, and
10 µL of the diluted sample was used in duplicate per sample. Results for both AH and
serum samples were expressed as picograms of GDF15/milliliter (pg/mL).

Statistical Analysis: The significance of differences in continuous variables between cat-
egories of disease (POAG and cataract), diagnosis (cataract, mild POAG, moderate POAG,
severe POAG), race (Asian, African American, Caucasian), and gender were assessed using
the Wilcoxon rank sum test or the Kruskal–Wallis test. Relationships between continuous
variables were assessed using linear regression. The data analysis was performed using
SAS/STAT software, Version 9.4 of the SAS System for Windows (Copyright © 2022–2012
SAS Institute Inc.).

3. Results
3.1. Elevated Levels of GDF15 in Both AH and Serum Samples of POAG Patients

In this study, we aimed to investigate whether dysregulated AH and serum GDF15
levels relate to POAG. To address this goal, we initially compared the levels of GDF15 in
AH and serum samples from the same cohort of POAG patients (n = 40 and 41, respectively)
with age- and gender-matched controls (non-glaucomatous, cataract patients, n = 32).
Although this cohort was matched for gender and age, race was not matched between
the glaucoma and cataract patients in the study (Supplementary Table S1 describes the
demography details of human patients included in the study). The GDF15 levels in AH and
serum samples from POAG patients were significantly elevated (p < 0.001 and p < 0.011,
respectively) by >9 fold and 1.5-fold, respectively, compared to the respective samples
derived from non-glaucoma (cataract) patients based on the Wilcoxon rank sum test of
difference between medians (Figure 1, Table S2). AH GDF15 levels were significantly
(p < 0.001) elevated in both male (by 11.6-fold) and female (by 5.4-fold) POAG patients
compared to cataract patients (Table S3). In the case of serum samples (Table S3), although
there was an increase (median values: 2228.0 pg/mL, n = 19) in male POAG patients
compared to male cataract patients (1850.0 pg/mL, n = 19), the difference did not achieve
statistical significance (p < 0.148). Serum GDF15 levels in female POAG patients (n = 22),
however, were significantly (p < 0.015) elevated (by 64%) compared to female cataract
patients (n = 13).
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Figure 1. Elevated levels of GDF15 in aqueous humor and serum samples of POAG patients. Aqueous
humor (n = 40) and serum (n = 41) samples derived from POAG patients revealed significantly ele-
vated levels of growth/differentiation factor-15 (GDF15) (by >9-fold and 50%, respectively) compared
to age- and gender-matched cataract patient samples (n = 32). The box and whisker plots represent
median and the interquartile range in the distribution. p-values were based on the Wilcoxon rank
sum test of difference between medians. Abbreviations: GDF15, growth/differentiation factor-15;
POAG, primary open-angle glaucoma.

3.2. Robust Elevation of GDF15 Levels in the Aqueous Humor of a Large Cohort of POAG Patients

We then expanded the scope of our investigation to include analysis of GDF15 in AH
samples from additional POAG and cataract patients. Analysis of GDF15 was performed
as described above, with the data set comprised of a total of 105 POAG AH samples
and 117 non-glaucoma cataract AH samples derived from gender- and age-matched, but
not race-matched, patient populations (Table S4 describes the demography details for
all of the POAG patients of this study). Median GDF15 levels in the AH from this large
cohort of subjects were significantly (p < 0.001) and robustly (by 7.4-fold) elevated in the
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POAG group relative to the cataract group (Figure 2, Table S5). The coefficient of variation
for GDF15 in POAG is 104.9. In this large cohort of POAG patients, males (n = 52) and
females (n = 53), and African Americans (n = 53) and Caucasians (n = 50), all showed
significantly increased median levels of AH GDF15 (p < 0.001) compared to their respective
non-glaucoma (cataract) controls (males, n = 53; females, n = 64; African Americans,
n = 16; Caucasians, n = 94). These results are summarized in Tables 1 and 2. Within the
POAG patient group, there was no gender or racial (African American versus Caucasians)
difference in the AH GDF15 levels (data not shown). Interestingly, although there was
no racial difference in the AH GDF15 levels within the cataract group, the male subjects
(n = 53) have significantly (p < 0.046) higher median levels (by 33%) of AH GDF15 compared
to female subjects (n = 64, Table S6). This gender difference in the levels of GDF15 was
also consistent in the serum samples derived from the cataract subjects (Table S6). Serum
samples derived from male cataract (n = 19) subjects have significantly (p < 0.025) higher
(by 42%) median levels of GDF15 compared to the female cataract subjects (n = 13).
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Figure 2. Elevated levels of GDF15 in aqueous humor samples from POAG patients. Aqueous humor
samples derived from POAG patients (n = 105) showed significantly increased levels of GDF15 (by
7.4-fold) compared to age- and gender-matched non-glaucoma cataract patient samples (n = 117).
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Table 1. GDF15 levels in the aqueous humor of male and female POAG and cataract patients.

Gender Cataract POAG p-Value *

GDF-15 (AH) Female n 64 53
Mean (SD) 60.41 (65.33) 543.55 (664.30)

Min, Median, Max 0.3, 39.0, 357.1 36.1, 246.0, 2978.0 <0.001

GDF-15 (AH) Male n 53 52
Mean (SD) 80.07 (108.36) 556.95 (478.73)

Min, Median, Max 1.5, 52.0, 776.0 48.0, 438.6, 1868.2 <0.001

* p-value based on Wilcoxon rank sum test of difference between medians.
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Table 2. GDF15 levels in the aqueous humor of Caucasian and African American POAG and
cataract patients.

Variable Race Statistic Cataract POAG p-Value *

GDF-15 (AH) African n 16 53
American Mean (SD) 54.90 (43.12) 515.41 (561.68)

Min, Median, Max 2.0, 49.0, 146.0 44.7, 225.0, 2156.0 <0.001

Caucasian n 94 50
Mean (SD) 74.26 (95.43) 571.55 (591.09)

Min, Median, Max 0.3, 51.0, 776.0 36.1, 419.5, 2978.0 <0.001

* p-value based on Wilcoxon rank sum of difference between medians.

3.3. Aqueous Humor GDF15 Levels, IOP, and Age Relationships in POAG Patients

Intraocular pressure was significantly higher (p < 0.001) in POAG patients (n = 105;
20.79 ± 6.974 (mean ± SD) compared to non-glaucoma cataract patients (n = 43;
14.97 ± 2.923; Figure S1). The coefficient of variation for IOP in POAG is 33.5. How-
ever, AH and serum GDF15 and IOP did not reveal a significant relationship in POAG
patients (Figure S2A,B, respectively). Similarly, there was no significant relationship be-
tween the AH GDF15 levels and age, and between the serum GDF15 and age in POAG
patients (Figure S3A,B, respectively).

3.4. Relationship between AH GDF15 and POAG Disease Severity

To explore a plausible relationship between the levels of AH GDF15 and disease sever-
ity of glaucoma, we sub-classified glaucoma patients from the smaller cohort described
above (Table S1) into mild (n = 10), moderate (n = 8), and severe (n = 20) POAG subgroups,
based on the ICD-10 coding of each patient. The mean deviation was taken from the last
visual field prior to surgery. All visual fields were within 3 months of surgery. The median
deviation was significantly different between the mild POAG and severe POAG patients,
and between the moderate POAG and severe POAG subgroup, but not between mild
POAG and moderate POAG subgroups (Figure 3A). As expected, cup-to-disk ratio was
significantly higher in mild, moderate, and severe POAG compared to that of cataract pa-
tients (n = 43). The cup-to-disk ratio was significantly higher in moderate POAG compared
to mild POAG, and in severe POAG compared to mild POAG patients (Figure 3B). AH
GDF15 levels were significantly elevated in mild, moderate, and severe POAG patients
compared to cataract patients. However, although there was an increase in GDF15 levels in
the severe POAG patient subgroup relative to mild POAG patients, there was no statistical
difference in AH GDF15 levels between the mild and moderate POAG, and between the
mild and severe POAG patients (Figure 3C). Additionally, we examined for an association
between the serum GDF15 levels and severity of POAG. Though there was a significant
increase in the serum GDF15 levels in moderate (n = 8) and severe (n = 21) POAG patients
compared to cataract patients (n = 32), there was no difference between the mild POAG
(n = 10) and severe POAG patients (Figure 3D). Interestingly, serum GDF15 levels were
found to be significantly higher in the moderate POAG patients compared to mild POAG
patients (Figure 3D). Overall, although there is an increase in the levels of both AH and
serum GDF15 levels in severe POAG patients compared to mild POAG patients, there
was no statistical difference between these two groups in the small cohort of glaucoma
patients examined.
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Figure 3. Relationship between aqueous humor and serum GDF15 levels and disease severity of
POAG. To determine whether elevated levels of GDF15 either in the AH or serum reveal a positive
association with disease severity of glaucoma, POAG patients from a small cohort study were divided
into mild, moderate, and severe glaucoma based on median deviation of visual field loss and GDF15
levels from the categories analyzed. (A) Overall, there was a significant difference in median deviation
of visual field loss among the three groups, based on the Kruskal–Wallis test (p < 0.001). Though
the median deviation was not found to be significant between mild and moderate POAG, it was
significant between mild to severe, and moderate to severe POAG based on the Wilcoxon rank sum
test. (B) Cup-to-disk ratio showed a significant difference between cataract patients versus mild,
moderate, and severe POAG, and between mild to moderate, and mild to severe POAG based on the
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Wilcoxon rank sum test. (C) AH GDF15 levels were significantly elevated between cataract and mild,
moderate, and severe POAG, but not different between mild and moderate, and mild and severe
POAG, based on the Wilcoxon rank sum test. (D) Serum GDF15 levels were also significantly elevated
in moderate and severe POAG samples compared to cataract samples, but not different between mild
and severe POAG, although there was a significant difference between mild and moderate POAG
based on the Wilcoxon rank sum test. In all panels, the box and whisker plots represent median and
the interquartile range in the distribution. Abbreviations: GDF15, growth/differentiation factor-15;
POAG, primary open-angle glaucoma.

4. Discussion

GDF15 is a well-characterized secretory stress cytokine that possesses several physio-
logical activities [11,13]. Our previous study identified GDF15, a divergent member of the
TGF-β superfamily of growth factors, as a common constituent of the extracellular matrix
secreted by trabecular meshwork cells [9]. The results of this study revealed a robust in-
crease in AH GDF15 levels, with a moderate and significant increase in serum GDF15 levels
of POAG patients relative to the corresponding samples from control (non-glaucomatous
cataract) patients, suggesting a potential association between GDF15 and POAG.

GDF15, which was also identified as macrophage inhibitory cytokine-1 and nons-
teroidal anti-inflammatory drug activated gene-1, has gained increased attention because
of its role in several diseases [11,13]. Increased GDF15 levels have been reported under var-
ious disease conditions, including cancer, cardiovascular disease, liver and kidney diseases,
and with inflammation, age, smoking, stress, and tissue injury [11,14,15,20]. Although it
was initially thought to act through the TGF-β receptors and possess TGF-β-like biological
activities, recent studies have revealed that GDF15 binds to the GDNF family receptor
α–like (GFRAL) orphan receptor with high affinity, with GFRAL playing a crucial role
in GDF15-induced weight loss and decreased food intake [21–23]. However, GFRAL is
reported to be expressed only in a distinct region of the brain known as the postrema [10,23].
Therefore, it is presumed that the widely distributed GDF15 may also act through an alter-
native, but yet to be characterized, molecular pathway(s), and to be involved in different
physiological activities [13].

Interestingly, in the eye, GDF15 has been shown to promote retinal ganglion cell
(RGC) differentiation [24], and neuroprotection of RGC under optic nerve crush injury [25],
with GDF15 expression and secretion by RGCs being increased under tissue injury [16].
Moreover, GDF15 was found to be elevated in the RGC and AH in different glaucoma
experimental models [16], wherein a good correlation has been documented between RGC
loss and increased expression and protein levels of GDF15 [16]. Importantly, elevated
AH GDF15 has also been shown to correlate with disease severity (based on the median
deviation of visual field loss) in POAG and pseudoexfoliation glaucoma patients [16,17].
Based on these findings, GDF15 has been suggested to serve as a molecular marker for
glaucomatous neurodegeneration [16]. However, these latter conclusions were drawn
mainly based on findings from one laboratory study [16,17]. Moreover, although serum
derived from both POAG and pseudoexfoliation glaucoma patients has been reported
to contain elevated levels of GDF15 [19], a recent study using plasma derived from both
POAG and pseudoexfoliation glaucoma patients showed no difference in GDF15 levels
compared to non-glaucoma (cataract) patients [18]. The reason for the noted discrepancy
between levels of GDF15 in serum and plasma derived from glaucoma patients is not clear.
However, in the above referenced studies, there was no evaluation of GDF15 levels in the
AH and serum derived from the same cohort of patients.

In this study, using serum and AH from the same cohort of patients, we found
significantly elevated levels of GDF15 in POAG patients relative to cataract patients, with a
more robust difference in AH GDF15 levels compared to serum GDF15 levels. A total of 105
POAG and 117 cataract patient derived samples were utilized for the analysis of AH GDF15
levels. In this relatively large cohort of POAG patients, the AH GDF15 levels were robustly
elevated (by 7.4-fold) relative to the respective age- and gender-matched non-glaucoma
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cataract patient subgroup. This increase in AH GDF15 levels was consistent in males,
females, African American, and Caucasian POAG patients. However, when the subset of
POAG patients was categorized into mild, moderate, and severe POAG subgroups based
on the median deviation of visual field loss, we did not find a definitive correlation between
the levels of AH or serum GDF15 and disease severity of glaucoma, although there was
an increasing trend in GDF15 levels in AH and serum with an increasing disease severity
of glaucoma. The sample size in our cohort of glaucoma patients was very close to that
described by Lin et al. [17], and Ban et al. [16], in which they found a positive correlation
between the levels of GDF15 of AH and the disease severity of glaucoma.

Interestingly, consistent with previous reports [18,26], AH and serum samples from
male cataract patients contained significantly higher levels of GDF15 relative to female
patients, suggesting a definitive gender difference in GDF15 levels. Coincidently, the gender
prevalence of open angle glaucoma is mixed, but some studies have reported higher rates
in males compared to females [1,27,28]. However, within POAG patients, there was no
statistical difference in AH GDF15 levels between male and female patients.

5. Limitations

We want to recognize the limitations of this study in regards to a lack of a definitive
correlation between the levels of AH GDF15 and the disease severity of glaucoma. The
sample size in our study was one limitation for establishing this correlation. Additionally,
though this study matched the gender and age of subgroups, race was not matched
between the POAG and cataract (non-glaucoma) subgroups, and race and ethnicity have
been found to influence the incidence of glaucoma [1]. Additionally, this study did not
reveal a correlation between the levels of AH or serum GDF15 and IOP in POAG patients.
Two reasons could likely account for this observation, with the first being that all POAG
patients were already on IOP-lowering medications as part of their glaucoma therapy; as a
result of which, their IOP readings would be lower. Since we did not have access to all of
the patients’ pre-treatment IOPs, this possibility could not be verified. The second reason is
that we do not know the implications of prior eye surgeries for GDF15 levels, since some
POAG patients had previously undergone cataract removal and glaucoma procedures, and
corneal, or retinal intraocular surgery.

6. Conclusions

This study reveals increased levels of GDF15 in both the AH and serum of POAG
patients compared to age- and gender-matched non-glaucoma cataract patients, suggesting
a strong association between elevated levels of GDF15 and POAG.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/jcm11030744/s1: Figure S1: Elevated IOP in POAG patients
compared to non-glaucoma (cataract patients). The box and whisker plots represent median and the
interquartile range in the distribution. p-values were based on Wilcoxon rank sum test of difference
between medians; Figure S2. Relationship between aqueous humor and serum growth/differentiation
factor-15 (GDF15) levels and IOP in POAG patients. AH GDF15 (A), serum GDF15 (B), and IOP of
POAG patients did not reveal a significant relationship; Figure S3. Relationship between aqueous
humor and serum GDF15 levels and age in POAG patients. AH GDF15 (A), serum GDF15 (B), and
age of POAG patients did not reveal a significant relationship; Table S1: Demography details of the
subgroup of POAG and cataract patient study; Table S2: GDF15 levels in the aqueous humor and
serum of POAG and non-glaucoma (cataract) subjects; Table S3: GDF15 levels in the aqueous humor
and serum of male and female POAG and cataract patients; Table S4: Demography details of the large
cohort POAG and cataract patient study; Table S5: GDF15 levels in the aqueous humor of POAG
and cataract patients; Table S6: GDF15 levels in aqueous humor and serum samples from male and
female cataract patients.
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Abstract: Purpose: To evaluate the effectiveness of ab-interno microcatheterization and 360◦ viscodi-
lation of Schlemm’s canal (SC) performed with OMNI viscosurgical system in open angle glaucoma
(OAG) together or not with phacoemulsification. Setting: Two surgical sites. Design: Retrospective,
observational. Methods: Eighty eyes from 73 patients with mild to moderate OAG underwent ab-
interno SC viscodilation performed with OMNI system. Fifty eyes (Group 1) underwent only SC
viscodilation, while 30 eyes (Group 2) underwent glaucoma surgery + cataract extraction. Primary
success endpoint at 12 months was an intraocular pressure (IOP) reduction higher than 25% from
baseline with an absolute value of 18 mmHg or lower, either on the same number or fewer ocular
hypotensive medications, without further interventions. Secondary effectiveness endpoints included
mean IOP, number of medications and comparison of outcomes between groups. Safety endpoints
consisted of best-corrected visual acuity (BCVA), adverse events (AEs), and subsequent surgical
procedures. Results: Primary success was achieved in 40.0% and 67.9% in Groups 1 and 2, respec-
tively. Mean IOP at 12-month follow-up showed a significant reduction in both groups (from 23.0
to 15.6 mmHg, p < 0.001, and from 21.5 to 14.1, p < 0.001, in Groups 1 and 2, respectively). Mean
medication number decreased in both groups (from 3.0 to 2.0, p < 0.001 and from 3.4 to 1.9, p < 0.001,
in Groups 1 and 2, respectively). AEs included hyphema (2 eyes), mild hypotony (4 eyes), IOP spikes
one month after surgery (1 eye). Twelve eyes (15.0%) required subsequent surgical procedures. No
BCVA reduction was observed. Conclusions: Viscodilation of SC using OMNI viscosurgical systems
is safe and relatively effective in reducing IOP in adult patients with OAG.

Keywords: open angle glaucoma (OAG); Schlemm’s canal viscodilation; OMNI viscosurgical system;
minimally invasive glaucoma surgeries (MIGS); trabeculotomy; cataract extraction

1. Introduction

Glaucoma is one of the leading worldwide causes of blindness [1]. The most important
risk factor for development and progression of glaucoma is elevated intraocular pressure
(IOP) [2]. Important clinical trials such as the Ocular Hypertension Treatment Study (OHTS)
and Advanced Glaucoma Intervention Study (AGIS) established the importance of IOP
reduction in glaucoma management [3,4]. The first therapeutic option is the use of ocular
hypotensive eye drops; however, medical treatment tends to be associated with poor
compliance and tolerability [5,6]. When medical treatment proves to be insufficient to
reach the target IOP or drops are not well tolerated, laser or surgical treatment need to be
considered to avoid irreversible damage progression.
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Trabeculectomy, usually with antimetabolites, is still considered the gold standard
surgical procedure [7], however, it is not free of potentially serious complications [8,9].
In addition, strict postoperative care is mandatory to obtain clinically successful results.
Minimally invasive glaucoma surgeries (MIGS) have been developed as safer and less
invasive techniques. MIGS are characterized by an ab-interno approach, minimal trauma
and disruption of eye anatomy with conjunctiva sparing, high safety profile, rapid recovery
and the possibility of performing the procedure during routine cataract surgery [10].

Ab-interno Schlemm’s canal (SC) viscodilation, performed with the OMNI device
is a novel MIGS angle surgical procedure. The aim of this study was to evaluate the
effectiveness of ab-interno microcatheterization and 360◦ viscodilation of SC performed
with the OMNI viscosurgical system in adult patients with open angle glaucoma (OAG).

2. Materials and Methods

The investigation was based on a double-center, retrospective, observational, con-
secutive design. All patients underwent surgery with the OMNI viscosurgical system
(Sight Sciences Inc., Menlo Park, CA, USA) by 3 ophthalmic surgeons (G.T., C.S., P.B.) from
2 multi-subspecialty ophthalmic departments (University Hospital of Udine and Policlinico
“Città di Udine”). All surgeries were performed between March 2017 and January 2020. All
adult patients (>18 years old) with mild to moderate (Glaucoma Staging System 2 Stages 1
to 3) [10]. OAG who had undergone ab-interno SC viscodilation were enrolled retrospec-
tively. The types of OAGs considered included primary open angle glaucoma (POAG),
pigmentary glaucoma (PG) and pseudoexfoliative glaucoma (XFG). Patients underwent
surgery for uncontrolled IOP values on maximally tolerated therapy or to reduce medical
therapy due compliance and/or tolerance issues. The ab-interno SC viscodilation surgical
procedure was combined with cataract extraction when indicated.

2.1. Main Outcome Measures

Each patient underwent a complete baseline ophthalmologic examination, including
ocular history, ophthalmic and systemic medication used, best corrected visual acuity
(BCVA) using Snellen charts, IOP measured by Goldmann applanation tonometry, central
corneal thickness, gonioscopy, undilated and dilated slit-lamp biomicroscopic examination.
Cup disc ratio (CDR), measured by slit-lamp fundus biomicroscopy in relation with disc
size, visual field examination using 24-2 SITA Standard test (Humphrey Field Analyzer
II; Carl Zeiss Meditec Inc., Dublin, CA, USA), and measurement of macular ganglion
cell and retinal nerve fiber layer thickness using optical coherence tomography (OCT RS-
3000 Advance; Nidek CO. LTD., 34-14 Maehama, Hiroishi-cho, Gamagori, Aichi 443-0038,
JAPAN and DRI-OCT Triton, Topcon, Inc, Tokyo, Japan) were used to evaluate the severity
of glaucomatous damage and to determine target pressure before planning glaucoma
surgery. Follow-up examinations were performed at Week 1, Week 2, Month 1, Month
3, Month 6, and Month 12. At each follow-up, information regarding IOP, number of
antiglaucoma medications, BCVA, postoperative AEs and any other interventions was
recorded and used in the analysis.

The study cohort was divided into two groups based on whether or not combined
cataract surgery was performed. Group 1 included all eyes that underwent ab interno
microcatheterization and viscodilation of SC as a standalone procedure, while Group 2
included all eyes with glaucoma surgery combined with cataract extraction. Our primary
success endpoint at the 12-month follow-up visit was defined as a reduction of IOP equal
to or greater than 25% from baseline with an absolute value of 18 mmHg or lower, either
with the same number of ocular hypotensive medications or fewer, with no additional
IOP-lowering surgery. The eyes who reached this endpoint without any medical treatment
were considered as complete success, whereas those where this result was obtained using
medical treatment were labelled as qualified success. The secondary endpoints included
mean IOP and mean number of ocular hypotensive medications at each follow-up time up
to 12 months. Outcomes were also compared between groups.
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The investigation was performed in accordance with the tenets of the Declaration of
Helsinki, and informed consent was obtained from all participants before surgery. The
study was in compliance with institutional review boards (IRBs) and HIPAA requirements
of the University Hospital of Udine, Italy.

2.2. Statistical Methods

The mean levels of IOP at different follow up times were compared to baseline by
means of paired sample t-test, which was also used to compare IOP mean reduction at
12 months in Groups 1 and 2. The decrease of medications in each group was analyzed
by means of non-parametric Wilcoxon matched-pairs signed rank test. The comparison
between Group 1 and 2 on the ordinal variable of the difference between medications at
12 months and at pre-surgery time was performed using Mann–Whitney U test. Descriptive
and survival analysis was used to describe proportions of success, which was defined in
terms of specific levels of IOP target reached with or without antiglaucoma medications,
and to compare failure probabilities in the two groups. BCVA changes at follow-up times
were evaluated and compared at group level with parametric t-test for paired data.

2.3. Surgical Technique

The surgical technique for ab-interno SC viscodilation as a sole procedure includes the
following steps.

After a 1.5 mm paracentesis, pupil miosis was obtained by injecting acetylcholine
chloride 1% (Miovisin; Farmigea SPA, Pisa, Italy) into the anterior chamber. Space and
stability were achieved by cohesive ophthalmic viscosurgical device (Healon GV; Johnson
& Johnson Surgical Vision, Santa Ana, CA, USA). A moderate intraocular pressure was
maintained in order to enhance visualization of SC during surgery. The head was tilted
and positioned about 40◦ from the surgeon, while the microscope was tilted 40◦ towards
the surgeon for gonioscopic visualization of the trabecular meshwork.

The OMNI Viscosurgical System (Figure 1a shows the detail of the cannula and the
microcatheter) was prepared by removing the retainer pin on the back of the handle and
by loading the reservoir with Healon GV (Figure 1b). The cannula was then introduced
into the anterior chamber by a 1.5 mm, self-sealing, clear corneal incision performed in the
temporal region. The cannula tip was brought near the nasal trabecular meshwork under
gonioscopic view (ocular surgical gonioprism for direct viewing gonioscopy, Figure 1c) and
used to gently but firmly open the SC. The microcatheter was then advanced into SC for
180◦ by rotating a finger wheel on the handle of the device (Figure 1d). As the microcatheter
was retracted into the cannula, the infusion pump delivered a controlled volume of Healon
GV to achieve viscodilation of SC and collectors. The same procedure was then repeated to
expand the other 180◦ of SC.

The surgeon had to be careful to pinch the trabecular meshwork in the right location
and to clearly see the blue microcannula into the SC to avoid undesirable suprachoroidal
advancement of the tip. Blood reflux indicates a successful catheterization of SC. As the
cannula was retracted out the eye, the anterior chamber was irrigated to entirely remove
Healon GV.

With regards to ab-interno SC viscodilation combined with cataract surgery, the
surgical steps are slightly modified. A 2.2 mm microincision cataract surgery (MICS) was
performed with the Constellation Vision System (Alcon Laboratories, Fort Worth, TX, USA).
All IOLs were implanted in the capsular bag, which were all hydrophobic, acrylic and
monofocal. Acetylcholine chloride 1% (Miovisin; Farmigea SPA, Pisa, Italy) was then
injected into the anterior chamber to obtain pupil miosis. Viscodilation of SC was achieved
with the method previously described.
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Figure 1. The OMNI device ends with a cannula and microcatheter at the tip (a). The preparation of 
the device includes loading the reservoir with high-molecular weight hyaluronic acid (b). The can-
nula is inserted into the anterior chamber under gonioscopic view to reach the nasal trabecular 
meshwork (c). The procedure involves the opening of trabecular meshwork and advancement of 
the microcatheter in Schlemm’s canal (d). 

3. Results 
The study cohort consisted of 80 eyes of 73 patients that met the inclusion criteria and 

completed the baseline evaluation, with 66 eyes (82%) completing the 12-month visit. Of 
the remaining 14 eyes, 12 (15%) had additional glaucoma surgery and 2 (2.5%) were lost 
to follow-up. The patients were divided into two groups according to the type of surgery 
performed: Group 1 (SC viscodilation alone) consisted of 50 eyes (62.5%) while Group 2 
(SC viscodilation combined with phaco) included 30 eyes (37.5%). Table 1 shows the base-
line characteristics. The patients were predominantly female, with the majority diagnosed 
with POAG (63.8%). The most common previous anti-glaucoma procedure was laser tra-
beculoplasty (19%). Thirteen patients (16.2%) had previous glaucoma surgery (10 cases 
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Figure 1. The OMNI device ends with a cannula and microcatheter at the tip (a). The preparation
of the device includes loading the reservoir with high-molecular weight hyaluronic acid (b). The
cannula is inserted into the anterior chamber under gonioscopic view to reach the nasal trabecular
meshwork (c). The procedure involves the opening of trabecular meshwork and advancement of the
microcatheter in Schlemm’s canal (d).

3. Results

The study cohort consisted of 80 eyes of 73 patients that met the inclusion criteria
and completed the baseline evaluation, with 66 eyes (82%) completing the 12-month visit.
Of the remaining 14 eyes, 12 (15%) had additional glaucoma surgery and 2 (2.5%) were
lost to follow-up. The patients were divided into two groups according to the type of
surgery performed: Group 1 (SC viscodilation alone) consisted of 50 eyes (62.5%) while
Group 2 (SC viscodilation combined with phaco) included 30 eyes (37.5%). Table 1 shows
the baseline characteristics. The patients were predominantly female, with the majority
diagnosed with POAG (63.8%). The most common previous anti-glaucoma procedure
was laser trabeculoplasty (19%). Thirteen patients (16.2%) had previous glaucoma surgery
(10 cases underwent deep sclerectomy, and three cases had trabeculectomy) that did not
interfere with the complete catheterization of Schlemm’s canal. Forty-four eyes (55%) were
pseudophakic at baseline. Of the remaining 36 eyes, 30 of them (83%) had combined cataract
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extraction with IOL implantation. Successful circumferential catheterization of the canal
was achieved in all eyes and no significant adverse events were recorded intraoperatively,
other than small bleeding from the SC.

Table 1. Demographic and baseline characteristics.

All Eyes Group 1
(SC Viscodilation)

Group 2
(SC Vscd + Phaco)

Test on Differences
(Statistical Significance)

Eyes, n 80 50 30
Patients, n 73 47 26
Age in years

Mean Age ± SD (years) 74.5 ± 7.5 74.2 ± 8.0 75.0 ± 6.6 t test (p = 0.32)
Age Range (years) 56–93 56–93 62–89

Gender, n (%)
Female 43 (58.9) 26 (55.3) 17 (65.4) Chi2 test on gender

distribution (p = 0.35)Male 30 (41.1) 21 (44.7) 9 (34.6)
Preoperative IOP, mean ± SD 22.5 ± 5.3 23.0 ± 5.7 21.5 ± 4.7 t test (p = 0.11)
Preoperative medications,
mean n ± SD 3.2 ± 1.0 3.0 ± 1.1 3.4 ± 0.8 t test (p = 0.03)

Preoperative BCVA, mean ±
SD 7.5 ± 2.5 7.9 ± 2.4 6.8 ± 2.1 t test (p = 0.02)

Glaucoma diagnosis, n (%)
Primary open angle

glaucoma 51 (63.8) 37 (74.0) 14 (46.7) Chi2 test (p = 0.01)

Pseudoexfoliative glaucoma 27 (33.7) 12 (24.0) 15 (50.0) Chi2 test (p = 0.01)
Pigmentary dispersion

glaucoma 2 (2.5) 1 (2.0) 1 (3.3) Chi2 test (p = 0.71)

Baseline lens status, n (%)
Pseudophakic 44 (55.0) 44 (88.0) 0 (0) Chi2 test (p = 0.00)
Phakic 36 (45.0) 6 (12.0) 30 (100) Chi2 test (p = 0.00)

Previous surgery, n (%) - - -
Cataract 44 (55.0) 44 (88.0) 0 (0.0) Chi2 test (p = 0.00)
Laser trabeculoplasty 15 (18.8) 10 (20.0) 5 (16.7) Chi2 test (p = 0.71)
Deep sclerectomy 10 (12.5) 10 (20.0) 0 (0.0) Chi2 test (p = 0.01)
Trabeculectomy 3 (3.8) 3 (6.0) 0 (0.0) Chi2 test (p = 0.01)

SC = Schlemm’s canal; SD = standard deviation; IOP = intraocular pressure; BCVA = best corrected visual acuity.

3.1. Differences in Intraocular Pressure and Antiglaucoma Medication Used

Table 2 shows the differences in intraocular pressure and antiglaucoma medications
used at the different time points overall and in the two groups. Mean IOP values at
baseline were 22.5 ± 5.3 mmHg for all eyes, and 23.0 ± 5.7 mmHg and 21.5 ± 4.7 mmHg
in Group 1 and 2, respectively. After 12 months, mean IOP reduced to 15.0 ± 3.6 mmHg,
15.6 ± 3.6 mmHg, and 14.1 ± 3.3 mmHg, respectively. IOP reduction was statistically
significant in both groups at 1, 3, 6 and 12 months (p < 0.001). The difference between mean
IOP reduction in Groups 1 and 2, however, was not statistically significant at 12 months
(p = 0.21). Figure 2A reports the box plots of IOP distributions at different follow up times
in all the patients and in the two groups.

The mean number of medications at baseline was 3.0 ± 1.1 and 3.4 ± 0.8 in Group
1 and 2, respectively, and decreased at 12 months to 2.0 ± 1.4 and 1.9 ± 1.4, respectively
(Figure 2B). Wilcoxon matched pairs signed rank test showed statistically significant reduc-
tions in all the groups and at all time points (p < 0.001). The reduction of medications at
12 months between the two groups was not significantly different (p = 0.26).
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Table 2. Differences in intraocular pressure and antiglaucoma medications.

BL 7 Days 15 Days 1 Month 3 Months 6 Months 12 Months

All
eyes

Eyes, n 80 80 79 77 70 68 66
Mean IOP, mmHg ± SD 22.5 ± 5.3 17.8 ± 7.5 20.5 ± 8.4 17.8 ± 5.5 15.6 ± 4.0 15.3 ± 4.6 15.0 ± 3.6
Mean IOP reduction
from BL, mmHg (%) 4.7 (18%) 1.8 (5.3%) 4.5

(16.6%) 6.5 (26.9%) 6.8 (28.4%) 6.9 (29.0%)

p-Value (p <
0.001)

(p =
0.035) p < 0.001 p < 0.001 p < 0.001 p < 0.001

Mean MEDs, n ± SD 3.2 ± 1.0 0.7 ± 1.2 0.9 ± 1.3 1.3 ± 1.4 1.6 ± 1.4 1.7 ± 1.4 1.9 ± 1.4
Mean MEDs reduction
from BL, n (p-Value)

2.5 (p <
0.001)

2.2 (p <
0.001)

1.8 (p <
0.001)

1.6 (p <
0.001)

1.5 (p <
0.001)

1.2 (p <
0.001)

Group
1

Eyes, n 50 50 49 47 43 42 40
Mean IOP, mmHg ± SD 23.0 ± 5.7 17.8 ± 7.9 21.1 ± 9.5 18.6 ± 6.0 16.4 ± 4.4 15.8 ± 5.1 15.6 ± 3.6
Mean IOP reduction
from BL, mmHg (%)

5.2
(20.3%) 1.6 (4.6%) 4.2

(15.1%) 5.9 (23.8%) 6.5 (27.0%) 6.5 (26.8%)

p-Value p < 0.001 p = 0.12 p < 0.001 p < 0.001 p < 0.001 p < 0.001
Mean MEDs, n ± SD 3.0 ± 1.1 0.7 ± 1.2 0.9 ± 1.2 1.3 ± 1.4 1.6 ± 1.4 1.7 ± 1.4 2.0 ± 1.4
Mean MEDs reduction
from BL, n (p-Value)

2.3 (p <
0.001)

2.1 (p <
0.001)

1.7 (p <
0.001)

1.4 (p <
0.001)

1.2 (p <
0.001)

1.0 (p <
0.001)

Group
2

Eyes, n 30 30 30 30 27 26 26
Mean IOP, mmHg ± SD 21.5 ± 4.7 17.6 ± 7.1 19.4 ± 6.3 16.6 ± 4.5 14.4 ± 2.9 14.5 ± 3.7 14.1 ± 3.3
Mean IOP reduction
from BL, mmHg (%)

3.9
(14.3%) 2.1 (6.2%) 4.9

(19.1%) 7.4 (30.7%) 7.2 (30.3%) 7.6 (32.4%)

p-Value p = 0.007 p < 0.069 p < 0.001 p < 0.001 p < 0.001 p < 0.001
Mean MEDs, n ± SD 3.4 ± 0.8 0.7 ± 1.1 1.0 ± 1.4 1.3 ± 1.3 1.6 ± 1.4 1.7 ± 1.3 1.9 ± 1.4
Mean MEDs reduction
from BL, n (p-Value)

2.8 (p <
0.001)

2.5 (p <
0.001)

2.1 (p <
0.001)

1.9 (p <
0.001)

1.8 (p <
0.001)

1.6 (p <
0.001)

IOP = intraocular pressure; SD = standard deviation; BL = baseline; MEDs = medications.

3.2. Success

Table 3 reports the proportions of complete and qualified success with different levels
of IOP target at 12 months over the entire cohort and for Groups 1 and 2. The success was
defined as complete if a specific IOP level was reached without antiglaucoma medications,
and as qualified, if target IOP was achieved using medications. The IOP endpoints chosen
to stratify success results were <16, <18 and <21 mmHg. Moreover, outcomes were more
strictly sorted by a 25% reduction in IOP from the baseline value. At 12 months of follow-up,
14.0% of Group 1 eyes reached an IOP of 18 mmHg or lower with no medications and
66.0% achieved success either by the use or without medications. In Group 2, 17.9% of eyes
reached an IOP of 18 mmHg or lower with surgery alone and 82.1% achieved a qualified
success. Overall, 15.4% of eyes attained an IOP of 18 mmHg or lower with no medications
and 71.8% achieved a qualified success.

Considering an additional reduction of IOP higher than 25% to estimate our primary
success endpoint, 40.0% and 67.9% of eyes reached an IOP of 18 mmHg or lower with or
without medications in Group 1 and in Group 2, respectively.

Figure 3 shows the observations on the preoperative IOP values (horizontal axis) and
the postoperative ones (vertical axis). The horizontal lines represent the different IOP
endpoints (21, 18 and 16 mmHg), while diagonal lines define null and 25% reduction level
of IOP from baseline.
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Table 3. Success rates overall and in the groups at 12 months.

Success Rate (%) at 12 Months

All Included Eyes Group 1 Group 2

≤16 mmHg Complete 14.1 14.0 14.3
Qualified 58.9 48.0 78.8

≤18 mmHg Complete 15.4 14.0 17.9
Qualified 71.8 66.0 82.1

≤21 mmHg Complete 17.9 18.0 17.9
Qualified 80.8 76.0 89.3

≤16 mmHg and
≥25% IOP reduction

Complete 10.3 10.0 10.7
Qualified 43.6 32.0 64.3

≤18 mmHg and
≥25% IOP reduction

Complete 11.5 10.0 14.0
Qualified 50.0 40.0 67.9

IOP = intraocular pressure.

Figure 4 reports the Kaplan–Meier survival plots for probability of qualified success in
Group 1 and Group 2, using the failure criterion of an IOP value higher than 18 mmHg
in three subsequent visits. Log-rank Chi-squared test suggested the acceptance of the
hypothesis on the equality of survivor estimates in the two groups (p = 0.28).

3.3. Safety

After twelve months of follow up, no significant change in BCVA was observed in
Group 1 (from 7.9/10 ± 2.4 to 7.7/10 ± 2.9, p = 0.31). A BCVA gain, after 12 months, resulted
statistically significant only in Group 2 (from 6.8/10 ± 2.1 to 9.1/10 ± 2.6, p < 0.001), due
to the combination of SC viscodilation with phaco.

Most complications were recorded in the first follow-up week. During the surgical
procedure, a mild blood reflux in AC was considered a sign of successful catheterization of
SC, occurring in almost 100% of our patients. Cases of micro or mild hyphema on the first
postoperative day, defined respectively as circulating red blood cells without a blood level,
and as blood layer filling less than 1 mm in the anterior chamber, were not considered as
AEs, given the physiological and self-limiting nature of these occurrences. Two eyes (2.5%)
developed moderate and severe hyphema and were reported as AEs. The first one showed
a 3 mm layer of blood combined with peaks of high IOP 2 days after surgery. The second
case reported a sustained hyphema filling more than half of the AC associated with BCVA
reduction to hand motion without a rise of IOP. Both cases required a wash of the AC, three
and ten days after surgery respectively, with complete recovery.

Four eyes (5.0%) had mild hypotony (4–5 mmHg) within the first month postoper-
atively. No shallow anterior chamber or choroidal detachment were detected. All cases
resolved without any intervention. One eye (1.3%) reached an IOP level >10 mmHg above
baseline more than 30 days postoperatively.

Twelve subjects (15.0%) required a secondary intervention due to an unreached IOP
target level: trabeculectomy in nine cases (75%), and deep sclerectomy in three cases
(25%). The mean IOP and number of medications before these surgical procedures were
26.3 ± 6.5 mmHg and 2.8 ± 1.3, respectively. One phakic eye needed cataract extraction
6 months after surgery. Three eyes developed complications unrelated to glaucoma surgery
within 6 and 12 months: hypertensive anterior uveitis successfully treated with topical
steroid (one eye), active choroidal neovascularization due to age-related macular degenera-
tion (one eye), posterior capsular opacity needing Nd:YAG laser capsulotomy (one eye).
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4. Discussion

Trabeculectomy has been the gold standard in glaucoma surgery since 1968 [11]. Al-
though this procedure continues to have a significant role due to the capacity to achieve
long-standing significant IOP lowering, non-penetrating filtering surgeries (NPFS) have
been proposed to achieve IOP reduction avoiding serious sight threatening complications
such as shallow anterior chamber, uncontrolled hypotension, choroidal detachment and
macular folds. Outflow resistance can be attributed to three structures: the juxtacanalicular
meshwork, SC and collector channels [12]. Non penetrating filtering surgery (NPFS) such
as canoloplasty, include techniques focused on the dilation of SC to facilitate aqueous
outflow through the physiological route. The aim is to remove mechanical obstructions
in the collector channels, by enhancing and providing additional routes for aqueous out-
flow. Viscodilation separates the trabecular lamellae and creates microperforations within
the inner wall of SC, allowing for enhanced diffusion of aqueous through the proximal
system into the distal system and thereby countering the pathological changes seen in
glaucoma [13].

Preliminary procedures focusing on SC were historically sinusotomy described by
Kraznov in 1962, followed by Stegmann’s viscocanalostomy [14,15]. Ab externo canalo-
plasty (ABeC), proposed by Lewis and coworkers in 2007, is a surgical technique that uses
a microcatheter to perform a 360◦ cannulation of SC positioning a tension suture within the
canal that provides an inward distension [16]. The aim of this technique is to restore the
physiological outflow pathways of the aqueous humor independently of external wound
healing. Numerous studies have shown that canaloplasty is a relatively safe and effective
surgical technique that lowers IOP with persistent control of pressure during many years
of follow-up. Moreover, it implies easier postoperative management and less complications
compared with trabeculectomy [17–19].
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In the past several years, there has been a gain in popularity of MIGS to address the
need of achieving long-term IOP control in the safest possible way. MIGS is characterized
by an ab-interno approach, inducing minimal trauma and disruption of eye anatomy with
conjunctiva sparing and a rapid recovery [10]. With the advent of MIGS, surgeons have
been choosing to perform earlier surgery in patients with mild to moderate glaucoma in
order to achieve the target IOP with fewer medications [20].

A minimally invasive technique, called ab-interno canaloplasty (ABiC), has recently
been developed to reap the advantages of ABeC, avoiding conjunctival and scleral dissec-
tion [21]. Considering that ABeC and ABiC tend to have a rather long and steep learning
curve, OMNI viscosurgical system has been refined to allow an easier cannulation of SC
and a more standardized viscodilation of outflow pathways. Moreover, ABeC is not always
successful in providing a 360◦ catheterization of SC and failure rates range from 10.1 to
26% [22], which can be due to anatomical anomalies of SC, trabecular meshwork scars,
neovascularization of iridocorneal angle, but also lack of surgical experience. In our study,
100% of complete catheterization of SC was achieved due to a good preliminary gonioscopic
evaluation of angle structures and to “surgeon friendly” characteristics of the device.

Both ABeC and ABiC utilize an illuminated microcatheter to access, catheterize, and
viscodilate the proximal and distal outflow system. The OMNI viscosurgical system is
a single-handed device, equipped with a metallic cannula that encases a microcatheter,
control wheel for advancing and retracting microcatheter, viscoelastic reservoir/infusion
pump and a locking mechanism. These devices facilitate automatic delivery of a predeter-
mined amount of viscoelastic fluid to dilate 360◦ of SC. Although OMNI has been designed
to perform, when desired, a secondary trabeculotomy in addition to viscodilation of SC to
treat juxtacanalicular meshwork resistances, we used the device only to viscodilate without
unroofing the SC.

Our primary success endpoint at 12-month follow-up visit was defined as the propor-
tion of eyes achieving an IOP value equal or under 18 mmHg with a reduction higher than
25% from baseline, either on the same number or fewer ocular hypotensive medications,
and with no additional IOP-lowering surgery or laser. This choice was based on the base-
line characteristics of our cohort of patients, including only mild to moderate open angle
glaucomas, in which intraocular pressure of 18 mmHg or below was an acceptable criterion
for controlling progression. The proportions of success defined with the endpoints of 16
and 21 mmHg, with an IOP reduction higher than 25% from baseline, were also analyzed.

In our study, 40% and 67.9% of eyes reached the primary endpoint at 12 months in
Group 1 and Group 2 respectively. These results appeared to be worse than the outcomes of
ABeC as a standalone procedure (68.1%) and combined with phaco (77.8%) [17], probably
because of the presence of the suture that provides a more durable distension of SC.

In our cohort, the mean IOP reduction at 12 months compared to baseline was of
26.8% in Group 1 (from 23.0 ± 5.7 mmHg to 15.6 ± 3.6 mmHg) and 32.4% in Group 2 (from
21.5 ± 4.7 to 14.1 ± 3.3). The IOP reduction was statistically significant in both groups
during the entire follow-up. The difference in IOP reduction at 12 months in Group 2,
compared with Group 1, was not statistically significant. The overall reduction in IOP in the
entire cohort was 29.0% at 12 months (from 22.5 ± 5.3 mmHg to 15.0 ± 3.6 mmHg). Similar
IOP changes have been described for ABeC [17,18] and ABiC [21,23–25] in previous studies.
Brusini [19] reported a more favorable reduction in IOP from 29.4 ± 7.9 preoperatively to
16.8 ± 4.2 mmHg at 12 months probably due to the higher IOP level at baseline compared
with the other studies.

Our surgical goal was decreasing IOP and/or reducing glaucoma drops. The mean
number of medications at 12 months decreased from 3.0 ± 1.1 to 2.0 ± 1.4, in Group 1, and
from 3.4 ± 0.8 to 1.9 ± 1.4, in Group 2, and was statistically significant in all groups at all
time points. Compared with other clinical studies, our patients tended to be on a higher
number of medications before surgery. The mean reduction of antiglaucoma drops of 1.0
and 1.6 respectively for Group 1 and Group 2 after 12 months was similar to ABeC and
ABiC [17,18,23].

209



J. Clin. Med. 2022, 11, 259

The results showed that surgery provided effective IOP control and reduction, with
few AEs. Self-limiting microhyphema was frequently observed due to the physiological
blood reflux from SC, thus not considered as an AE. Only clinically significant hyphemas
(i.e., layered and >1 mm and persisting for 1 week or more) were recorded as AEs in this
study. One eye reported a 3 mm hyphema associated with an important postoperative IOP
elevation, while another case presented with a blood level filling more than half of AC
associated with an important decrease of visual acuity. These two eyes (2.5%) underwent
a washout of the anterior chamber three and ten days after surgery, respectively, without
further postoperative sight threatening complications. These AEs occurred even if the
surgeons carefully screened for and avoided patients from taking anticoagulant therapy
during the perioperative period, whenever possible, and were careful in maintaining an
adequate pressure of the globe at the end of the procedure. Ondrejka et al. [26] reported
a 2.8% rate of hyphema between 1 and 3 mm that spontaneously resolved within 7 days,
which was similar to the 2.5% rate reported in our results. Vold et al. [27] reported a slightly
greater incidence of postoperative clinically significant hyphema >1 mm (4%), in addition to
Sarkisian et al. [28] (4.9% of moderate and severe hyphema) and Grabska-Liberek et al. [29]
(35%, of which half required AC washout on the first postoperative day due to marked
IOP elevation). The higher rate of hyphema could be due to the fact that the surgeons used
the OMNI system to perform canaloplasty combined with trabeculotomy. The rates of
hyphema for the ABiC procedure reported in literature ranges from 0% to 20% [21,23–25].
The higher rate of 20% was found in the study by Kazerounian [25], which refers to mild
hyphema cases with no late sequelae.

In our study, four eyes developed mild postoperative hypotony (IOP 4–5 mmHg)
within the first month but resolved without any intervention. No shallow anterior chamber
or choroidal detachment were detected. IOP had major fluctuations within the first 30 days
postoperative because of antiglaucoma drops discontinuation after surgery and the use of
steroids during the first weeks. The incidence of IOP spikes was low after the first month of
follow-up with only one eye (1.3%) reaching an IOP > 10 mmHg from baseline at 1 month.
The use of the OMNI did not affect visual acuity.

The statistical analysis showed differences between groups at baseline. The mean
preoperative BCVA in Group 2 was clearly lower compared to Group 1 due to the fact
that Group 2 included only phakic eyes that were scheduled to perform cataract extraction
combined to glaucoma surgery, in comparison with the predominately higher number
of pseudophakic eyes in the other group. Patients in Group 2 showed a higher number
of preoperative medications prior to surgery, however, the reduction of medications at
12 months between the two groups was not significantly different. In Group 1, a total
of 10 and 3 eyes underwent previous deep sclerectomy and trabeculectomy respectively,
while in Group 2, all eyes were naïve to prior surgery. The previous surgeries did not tend
to interfere with the cannulation and viscodilation of SC using the OMNI system. With
regards to deep sclerectomy, 4 of 10 eyes reached the primary endpoint at the 12-month
follow-up visit, achieving an IOP value less than or equal to 18 mmHg and a reduction
higher than 25% from baseline. This value was the same when compared with the results
of the entire Group 1. This could probably be due to the fact that deep sclerectomy surgery
tends to leave the trabecular meshwork undamaged, thus permitting a good dilation of
SC and collectors by viscoelastic pressure during the OMNI system procedure. Due to
the limited number of eyes in our cohort, it is difficult to establish the role of previous
trabeculectomy when performing the OMNI procedure. Only one eye of three reached the
primary success endpoint at 12 months.

Although there are a wide number of studies on ABeC and ABiC, literature is poor
regarding outcomes of viscodilation of SC performed with OMNI system without trabecu-
lotomy. Our results are similar to those reported for traditional ABeC and ABiC procedures.
Viscodilation combined with trabeculotomy using OMNI viscosurgical system is consid-
ered an interesting option by some surgeons probably due to the possibility of treating
the juxtacanalicular meshwork resistances as well as to enhance the outflow across SC
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and collectors [27–30]. Albeit with a similar effectiveness in IOP control and reduction,
trabeculotomy seems to result in more AEs in terms of hyphema.

The OMNI system has several advantages compared to other MIGS procedures, which
include: (1) unlike XENgel, it is not a filtering procedure, thus it is not mandatory that
the conjunctiva is in good condition to obtain a filtering bleb; (2) it is easier to perform
when compared to other similar techniques, such as ab-interno canaloplasty (ABiC); (3) it
is more respectful of trabecular structures in comparison with trabectome or gonioscopy
assisted transluminal trabeculotomy (GATT), which extensively open Schlemm’s canal and
trabecular meshwork; and, (4) it could theoretically be more effective than i-Stent, however,
studies have not been performed to date that compare these two techniques.

The OMNI system, however, has some disadvantages which include: (1) the difficulty
to correctly find Schlemm’s canal in eyes with little or no pigment in the trabecular mesh-
work; (2) the impossibility to follow the microcatheter for the entire canal path, which can
travel quite a distance far from the entrance; and (3) the possible bleeding into the anterior
chamber, which seldom occurs.

The limitations of this study include the retrospective nature of collected data, the
relatively low number of subjects included, the short follow-up period, and the enrollment
of both eyes of the same patient in some cases. Furthermore, not all eyes were naïve to prior
surgery: thirteen had already underwent previous major glaucoma surgery (trabeculectomy
and deep sclerectomy). This choice was based on previous studies which have shown that
canaloplasty can also be successfully performed in patients with failed trabeculectomy in
which SC has been left mostly undamaged from previous filtering surgeries [31,32]. There
was no standardized protocol for reducing or increasing medications, but the medical
therapy was adjusted to reach the target IOP on a case-by-case basis. Follow-up was limited
to 1 year. Due to the limited number of patients included in our cohort, it was difficult to
assess the role and influence of glaucoma types on surgery between the groups. Future
prospective studies are currently underway to help address this issue. Longer-term studies
on a larger group of prospectively enrolled patients are needed to assess the duration of
IOP reduction with this surgical technique.

In conclusion, viscodilation of SC using OMNI viscosurgical system, with or without
cataract extraction, appears to be a promising surgical procedure to effectively control and
reduce IOP with a highly safer profile, even if a high percentage of eyes require a medical
treatment. Further studies are needed to report long-term results and complications, and to
assess the real advantage of an associated trabeculotomy.
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Abstract: This study aimed to compare intraocular pressures (IOP) using different tonometers, Gold-
mann applanation (IOPGAT), non-contact (IOPNCT), and rebound (IOPRBT), and to assess the effects
of aging and central corneal thickness (CCT) on the measurements. The IOPGAT, IOPNCT, IOPRBT,
mean patient age (65.1 ± 16.2 years), and CCT (521.7 ± 39.2 µm) were collected retrospectively from
1054 eyes. The differences among IOPs were compared by the paired t-test. Possible correlations
between devices, age, and CCT were assessed by linear regression analyses. The effects of age and
CCT on the IOP reading were assessed by mixed-effects regression models. The IOPGAT values were
2.4 and 1.4 mmHg higher than IOPNCT and IOPRBT, respectively; the IOPNCT was 1.0 mmHg lower
than IOPRBT (p < 0.0001 for all comparisons). The IOPs measured by each tonometer were highly
correlated with each other (r = 0.81–0.90, t = 45.2–65.5). The linear regression analyses showed that
age was negatively correlated with IOPNCT (r = −0.12, t = −4.0) and IOPRBT (r = −0.14, t = −4.5) but
not IOPGAT (r = 0.00, t = −0.2); the CCT was positively correlated with IOPGAT (r = 0.13, t = 4.3),
IOPNCT (r = 0.29, t = 9.8), and IOPRBT (r = 0.22, t = 7.2). The mixed-effect regression models showed
significant negative correlations between age and IOPNCT (t = −2.6) and IOPRBT (t = −3.4), no
correlation between age and IOPGAT (t = 0.2), and a significant positive correlation between CCT
and the tonometers (t = 3.4–7.3). No differences between IOPGAT and IOPRBT were seen at the age of
38.8 years. CCT affects IOPs from all tonometers; age affects IOPNCT and IOPRBT in different degrees.
IOPRBT tended to be higher than IOPGAT in young subjects, but this stabilized in middle age and
became higher in older subjects.

Keywords: age; central corneal thickness; Goldmann Applanation tonometer; non-contact tonometer;
rebound tonometer; iCare

1. Introduction

Intraocular pressure (IOP) is the only known modifiable risk factor relevant to the
treatment of glaucoma. Goldmann applanation tonometry (GAT) has been considered the
“gold standard” for IOP measurement, although its readings are affected by central corneal
thickness (CCT), corneal curvature, the modulus of corneal elasticity, and tear film [1].
Noncontact tonometry (NCT) using air-puff pressure has several favorable characteristics,
including no corneal contact and no requirement for local anesthesia, which facilitates
convenient use [1]. Rebound tonometry (RBT) uses the impact rebound principle by
launching a magnetized probe against the cornea using a solenoid; the speed of deceleration
of probe is measured and converted into the IOP [2]. There is no need for an air puff, corneal
anesthesia, and slit-lamp mounting, and the measurement skill enables affordable, quick,
and repeated IOP measurements even in children and very old patients [3].

Previously, many studies have reported excellent correlations between IOP readings
and GAT and NCT or RBT IOPs, although the IOP values themselves varied among the
tonometers [4–16]. Most previous studies have assessed the CCT as a surrogate for explain-
ing the measurement difference among tonometers [4–16]; however, other parameters that
possibly affect IOP differences among tonometers have not been studied extensively.

215



J. Clin. Med. 2021, 10, 4202

During the routine use of the various tonometers in the clinic, we realized that RBT
may yield higher IOP readings than GAT in young patients, while this scenario was
reversed in older patients. To test our suspicion, we compared the IOP readings of GAT,
NCT, and RBT and investigated the effects of age and CCT on the IOP readings in subjects
who visited our glaucoma clinic.

2. Subjects and Methods
2.1. Subjects

This retrospective study adhered to the tenets of the Declaration of Helsinki; the
institutional review board (IRB) of Shimane University Hospital reviewed and approved the
research. Based on the approval, written informed consent from each subject was waived;
instead, the study protocol was posted at the study institutions to notify participants about
the study. Among the 716 subjects who visited the glaucoma clinic of one author (MT)
during April 2018 and March 2019, a review of the medical charts identified 1054 eyes of
544 subjects that fulfilled the inclusion criteria and were included in the analyses. The
inclusion criteria were the measurement of IOPs using GAT (IOPGAT), NCT (IOPNCT),
and RBT (IOPRBT) on the same day and the recording of the CCT. In our glaucoma clinic,
the IOPs obtained using the three different devices and CCT were recorded as routine
examinations during the initial patient visit; most data collected were obtained at the initial
visit; however, when multiple records of a subject were eligible, the most recent data were
collected. No exclusion criterion was set in this real-world data analysis study; accordingly,
all subjects who met the inclusion criteria were consecutively included irrespective of
glaucoma or non-glaucoma, newly diagnosed or follow-up patients, treated or untreated,
and the presence or absence of corneal and other eye diseases. Typically, one glaucoma
specialist (MT) used the GAT and RBT (iCARE Rebound Tonometer TA01i, M.E. Technica,
Tokyo, Japan) to record the IOPs. One of nine certified orthoptists in our department
recorded the IOP using a non-contact air-puff tonometer (TonoRef III, Nidek, Aichi, Japan),
and the CCT was recorded using a corneal pachymeter equipped in a specular microscope
(EM-3000, Tomey, Nagoya, Japan). No pre-planned calibration of the tonometers was
performed for this study.

2.2. Statistical Analysis

The differences among the IOPs assessed using the three tonometers were compared
using the paired t-test. Possible correlations between three devices, their differences,
i.e., NCT minus GAT (IOPNCT-GAT), RBT minus GAT (IOPRBT-GAT), and RBT minus NCT
(IOPRBT-NCT), age, and CCT were assessed by linear regression analyses. The effects of age
and CCT on each tonometer were further assessed using a mixed-effects regression model
in which each patient’s identification number was regarded as a random effect, and both
age and CCT were regarded as fixed effects. All continuous data were expressed as the
mean ± standard deviation (SD). All statistical analyses were performed using the JMP
version 11.0 statistical software (SAS Institute, Inc., Cary, NC). p < 0.05 was considered
statistically significant.

3. Results

The subject ages, CCTs, and IOPs measured using the different tonometers are sum-
marized in Table 1. The IOPGAT was 2.4 and 1.4 mmHg higher than the IOPNCT and
IOPRBT, respectively, and the IOPNCT was 1.0 mmHg lower than IOPRBT value (Table 1 and
Figure S1A–C).

The IOPs measured by the different tonometers were highly correlated with each other
(r = 0.81–0.90, t = 45.2–65.5) (Table 2 and Figure S2A–C). The linear regression analyses
showed that the subjects’ ages were negatively correlated with the IOPNCT (r = −0.12,
t = −4.0) and the IOPRBT (r = −0.14, t = −4.5) but not with the IOPGAT (r = 0.00, t = −0.2)
(Table 2 and Figure S3A–F). Age was also negatively correlated with the CCT (r = −0.13,
t = −4.2) (Table 2 and Figure S4). The linear regression analyses showed that the CCT was
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positively correlated with the IOPGAT (r = 0.13, 4.3), IOPNCT (r = 0.29, t = 9.8), and IOPRBT
(r = 0.22, t = 7.2) (Table 2 and Figure S5A–F).

Table 1. Age, central corneal thickness (CCT), and intraocular pressures (IOPs) from 1054 eyes of 544 subjects.

Parameters Mean ± SD Range Lower 95% CI Upper 95% CI p Value

Age, years 65.1 ± 16.2 11–96 63.7 66.4 -
CCT, µm 521.7 ± 39.2 337–675 519.4 524.1 -
IOPGAT, mmHg 16.9 ± 6.9 2–59 16.4 17.3 -
IOPNCT, mmHg 14.4 ± 5.5 2–47 14.1 14.7 -
IOPRBT, mmHg 15.4 ± 6.7 2–53 15.0 15.8 -

Differences in IOP between tonometers
IOPNCT-GAT, mmHg −2.4 ± 4.0 −41–+22 −2.7 −2.2 <0.0001
IOPRBT-GAT, mmHg −1.4 ± 3.1 −15–+22 −1.2 −1.6 <0.0001
IOPRBT-NCT, mmHg 1.0 ± 3.4 −12–+26 0.8 1.2 <0.0001

The p values are calculated by using a paired t-test between each pair of tonometer groups. SD = standard deviation; CI = confidence interval.

Table 2. Possible correlations among age, CCT, and IOPs measured by each tonometer.

Parameters Slope Lower 95% CI Upper 95% CI r t-Value p Value

Correlation between tonometers (per mmHg)
IOPNCT: IOPGAT 0.64 0.62 0.68 0.81 45.2 <0.0001
IOPRBT: IOPGAT 0.87 0.85 0.90 0.90 65.5 <0.0001
IOPRBT: IOPNCT 1.05 1.01 1.08 0.86 54.4 <0.0001

Correlation with age (per year)
IOPGAT, mmHg 0.00 −0.03 0.02 0.00 −0.2 0.8736
IOPNCT, mmHg −0.04 −0.06 −0.02 −0.12 −4.0 <0.0001
IOPRBT, mmHg −0.06 −0.08 −0.03 −0.14 −4.5 <0.0001

IOPNCT-GAT, mmHg −0.04 −0.05 −0.02 −0.16 −5.2 <0.0001
IOPRBT-GAT, mmHg −0.05 −0.07 −0.04 −0.29 −9.7 <0.0001
IOPRBT-NCT, mmHg −0.02 −0.03 0.00 −0.07 −2.4 0.0152

CCT, µm −0.31 −0.45 −0.02 −0.13 −4.2 <0.0001

Correlation with CCT (per µm)
IOPGAT, mmHg 0.02 0.01 0.03 0.13 4.3 <0.0001
IOPNCT, mmHg 0.04 0.03 0.05 0.29 9.8 <0.0001
IOPRBT, mmHg 0.04 0.03 0.05 0.22 7.2 <0.0001

IOPNCT-GAT, mmHg 0.02 0.01 0.02 0.17 5.6 <0.0001
IOPRBT-GAT, mmHg 0.01 0.01 0.02 0.18 5.8 <0.0001
IOPRBT-NCT, mmHg 0.00 −0.01 0.00 −0.04 −1.3 0.1961

The t and p values are calculated by linear regression analyses between each pair of indicated parameters. CI = confidence interval;
r = Pearson’s correlation coefficient.

Finally, the effects of age and CCT on the IOPs measured by the three tonometers
were assessed by mixed-effects regression models to adjust the interaction between age
and CCT and cancel the bias resulting from the inclusion of both eyes of a subject (Table 3).
Significant negative correlations were also seen between age and the IOPNCT (t = −2.6)
and IOPRBT (t = −3.4), a non-significant correlation between age and the IOPGAT (t = 0.2),
and significant positive correlations between the CCT and all three tonometers (t = 3.4–7.3)
(Table 3).
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Table 3. Effects of age and CCT on the IOPs measured by each tonometer.

Parameters Slope Lower 95% CI Upper 95% CI t-Value p Value

IOPGAT, mmHg
Age (per year) 0.00 −0.03 0.03 0.2 0.8109
CCT (per µm) 0.02 0.01 0.03 3.4 0.0008

IOPNCT, mmHg
Age (per year) −0.03 −0.05 −0.01 −2.6 0.0088
CCT (per µm) 0.01 0.01 0.02 3.9 <0.0001

IOPRBT, mmHg
Age (per year) −0.05 −0.08 −0.02 −3.4 0.0008
CCT (per µm) 0.03 0.02 0.04 5.2 <0.0001

IOPNCT-GAT, mmHg
Age (per year) −0.03 −0.05 −0.02 −3.8 0.0002
CCT (per µm) 0.01 0.01 0.02 3.9 <0.0001

IOPRBT-GAT, mmHg
Age (per year) −0.05 −0.07 −0.04 −7.6 <0.0001
CCT (per µm) 0.01 0.00 0.01 3.3 0.0010

IOPRBT-NCT, mmHg
Age (per year) −0.02 −0.03 0.00 −2.3 0.0229
CCT (per µm) 0.00 −0.01 0.00 −1.4 0.1520

The t and p values are calculated by mixed-effect regression models to adjust the interaction between age and CCT and cancel the bias
resulting from the inclusion of both eyes of a subject. CI = confidence interval; r = Pearson’s correlation coefficient.

4. Discussion

As reported previously [4–16], the IOPs measured using the three devices were cor-
related with each other, and all were affected by the CCT (Table 2). A significant positive
association between the CCT and IOPNCT-GAT and IOPRBT-GAT (Table 2) suggested a larger
effect of the CCT on the IOPs obtained with NCT or RBT than with GAT, as reported
previously [6,15].

We identified a significant negative correlation between age and IOPNCT or IOPRBT,
while the correlation between age and IOPGAT was not significant (Table 2). Since the
IOPRBT-NCT was negatively correlated with age (Table 2), the impact of age is the greatest
on the RBT among the tonometers tested. The absolute t-value was the largest for age
with the IOPRBT-GAT (t = −7.6) among the models that included CCT and age (Table 3),
suggesting that age determines the difference in IOP readings between GAT and RBT more
than CCT. A recent report has found a negative correlation between IOPRBT and age [17],
and thus our results are in agreement with the previous report. Subject age and the detected
difference between GAT and RBT readings in previous and current studies are summarized
in Table 4. Including the current study, some studies have reported minus IOPRBT-GAT
values [10,12–14], while others have reported plus IOPRBT-GAT values [4–8,11,15,16]; this
discrepancy is not fully explained by the difference in the CCT. Scatterplots of the subjects’
ages and IOPRBT-GAT from previous studies (Table 4and Figure 1) clearly suggest the roles
of age and IOPRBT-GAT. Previously, 0 IOPRBT-GAT was reported in subjects with a mean age
of 59.3 years [9]. In the current subjects, based on linear regression analyses (Figure S3E),
the age of subjects with 0 IOPRBT-GAT was calculated to be 38.8 years. Thus, a lower/higher
association of IOP readings between GAT and RBT is reversed based on the ages of the
subjects. Other than the CCT, it has been proposed that corneal biomechanical properties
such as corneal hysteresis (CH) and corneal resistance factors (CRF) affect the RBT and GAT
differently [7,9,13]; both the CH and CRF decreased with aging [18]; thus, age-dependent
changes in corneal biomechanical properties may be associated with our observation but
need to be confirmed.
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Table 4. Summary of subjects’ age and IOPRBT-GAT in previous studies.

Icare Model Age, Years IOPRBT-GAT, mmHg Reference

iCareTa01i 63.8 ± 15.6 1.8 ± 2.8 4
iCareTa01i 61.3 ± 14.4 1.4 ± 2.7 5
iCareTa01i 52.0 ± 20.0 1.40 ± 2.19 6
iCareTa01i 22.3 ± 3.3 1.94 ± 2.75 7
iCarePro 63.7 ± 14.1 1.97 ± 3.29 8
iCarePro 59.3 ± 19.9 0.0 9
iCarePro 47.5 ± 105 −0.38 10
iCarePro 8.89 ± 3.41 2.56 ± 4.62 11

iCareTa01i 71.0 ± 7.5 −2.46 ± 2.10 12
iCarePro 71.0 ± 7.5 −1.42 ± 2.35 12

iCareTa01i 67.5 ± 10.9 −1.67 ± 3.07 13
iCareTa01i 70.95 ± 7.76 −1.71 14
iCarePro 56.9 ± 18.3 0.3 15
iCarePro 11.44 ± 2.31 1.97 ± 0.15 16

iCareTa01i 65.1 ± 16.2 −1.4 ± 3.1 Current study
The data are expressed as mean ± standard deviation.

Figure 1. Correlations between subjects’ age (years) and intraocular pressure (IOP) (rebound tonom-
etry minus Goldmann applanation tonometry) (RBT-GAT) (mmHg) in the current and previous
studies. The scatterplots and a 90% bivariate normal ellipse are shown.

The limitations of the current study included the retrospective design and the inclusion
of eyes with various types of glaucoma and glaucoma suspects. Because of the retrospective
nature of the study, the methods of tonometry and examiners were not predetermined,
although one examiner recorded the GAT and RBT using specific devices. We reviewed all
patients who visited during the indicated period and included all patients who fulfilled
the inclusion criteria, thus minimizing the selection bias. The inclusion of both eyes of a
patient may have introduced bias, although we minimized this by using a mixed-effects
regression model. Other than age and CCT, the modules of corneal elasticity [1] should
affect the results. When the IOP elevates, the deviation between IOPNCT and IOPGAT
becomes larger (Figure S2A); this may be explained by the effect of changes in corneal
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elasticity. Despite the various backgrounds of subjects included and the retrospective study
design, we believe that our real-world data analysis is reasonable to test our suspicion,
described in the introduction section.

5. Conclusions

In conclusion, CCT affects the IOP readings of GAT, NCT, and RBT, while age affects
the NCT and RBT by different degrees. The RBT readings tended to be higher than the
GAT readings in young subjects, but this stabilized in middle age and was reversed in
older subjects.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/jcm10184202/s1, Figure S1: Differences in the intraocular pressure (IOP) (mmHg) among
the tonometers, Figure S2: Correlations between the intraocular pressure (IOP) (mmHg) measured
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central corneal thickness (CCT) (µm), Figure S5: Correlations between the central corneal thickness
(CCT) (µm) and intraocular pressure (IOP) (mmHg) measured using different tonometers.
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Abstract: We examined postoperative corneal higher-order aberrations (HOAs) present after com-
bined phacoemulsification with either microhook ab interno trabeculotomy (µLOT-Phaco) or go-
niotomy, using the Kahook Dual Blade (KDB-Phaco). Retrospective study: A total of 45 eyes
underwent µLOT-Phaco and KDB-Phaco (LOT-Phaco) procedures, with 21 eyes that underwent
cataract surgery alone used as controls. Visual acuity and corneal HOAs, coma-like aberrations,
and spherical-like aberrations were analyzed before and at 1, 2, and 3 months after the surgeries.
Risk factors that could potentially influence HOAs were evaluated. No significant postoperative
changes were noted for corneal HOAs, coma-like aberrations, and spherical-like aberrations after
cataract surgery alone. The mean corneal HOAs, coma-like aberrations, and spherical-like aberrations
were 0.222 ± 0.115 µm, 0.203 ± 0.113 µm, and 0.084 ± 0.043 µm at baseline and 0.326 ± 0.195 µm
(p < 0.001), 0.302 ± 0.289 µm (p = 0.03), and 0.150 ± 0.115 µm (p < 0.001) at 3 months after LOT-Phaco,
respectively. Results of the analysis for risk factors suggested that a longer incision in Schlemm’s
canal could influence corneal HOAs, coma-like aberrations, and spherical-like aberrations after
LOT-Phaco. Although no significant postoperative changes were observed in corneal HOAs and
coma-like or spherical-like aberrations after cataract surgery alone, a significant increase in corneal
HOAs and coma-like or spherical-like aberrations remained after the LOT-Phaco procedure.

Keywords: higher-order aberrations; ab interno trabeculotomy; Kahook Dual Blade; glaucoma

1. Introduction

Glaucoma is the leading the cause of blindness [1]. Although medication and laser
therapy alone are used to try to decrease the intraocular pressure (IOP), incisional surgery
is performed when these prove to be ineffective. The trabecular meshwork has been shown
to be the most resistant part of the aqueous humor outflow, with glaucomatous eyes found
to have a greater resistance in this area [2]. Theoretically, when attempting to improve
the control of the IOP, incision or removal of the trabecular meshwork should result in a
reduction in this resistance [3]. Thus, the use of devices, such as the trabectome, Kahook
Dual Blade (KDB; New World Medical, Rancho, Cucamonga, CA, USA), and microhook
(Inami & Co., Ltd., Tokyo, Japan), in conjunction with 5-0 nylon sutures has been utilized
during attempts designed to reduce the resistance of the trabecular meshwork from within
the anterior chamber [4–7]. These techniques all fall within the designation of minimally
invasive glaucoma surgery (MIGS) and can be performed by using procedures that utilize
the iridocorneal angle from within the anterior chamber.

As compared to other vision threatening complications, corneal topographic changes
are often less serious. However, the frequently reported vision complaints made by patients
could potentially be related to corneal topographic changes. Due to recent advances in
wavefront analysis, it has become possible to more closely evaluate ocular surgeries, such
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as refractive surgery and cataract surgery. Results have shown that there are changes in
the higher-order aberrations (HOAs), which were found to be related to the postoperative
visual function [8,9]. Moreover, the effect of trabeculectomy on HOAs in glaucoma patients
has also been reported [10–12]. Increases in the HOAs are believed in general to lead to
decreases in the functional visual acuity. However, the specific effect associated with MIGS
combined with cataract surgery on ocular HOAs has yet to be definitively established.

The purpose of our current study was to examine patients undergoing phacoemulsifi-
cation cataract extraction in conjunction with the placement of an intraocular lens (IOL)
combined with either µLOT (µLOT-Phaco) or goniotomy with KDB (KDB-Phaco) and then
investigate the improvement of the HOAs following surgery.

2. Materials and Methods
2.1. Patients

Between December 2019 and September 2020, this retrospective study examined eyes
undergoing either µLOT-Phaco in 31 eyes or KDB-Phaco in 14 eyes at Hiroshima University
Hospital, Japan. Twenty-one eyes undergoing phacoemulsification cataract extraction in
conjunction with the placement of an IOL (Phaco) were additionally examined and used as
the controls. All patients were followed for at least 3 months after surgery. The Institutional
Review Board of the Hiroshima University approved the study protocol (IRB No. E-2240).
In accordance with the principles outlined in the Declaration of Helsinki, all subjects
provided written informed consent in addition to the standard consent for surgery prior to
their enrollment and participation in the research study.

Patients who had previously undergone intraocular surgery were excluded. Inclusion criteria
required patients to be ≥50 years of age and have no history of refractive surgery or other
significant ocular diseases.

2.2. Surgical Techniques

Trabeculotomy was performed by using 2 different kinds of trabecular hooks, the
microhook or the KDB. Selection of the hooks used in the surgeries was based on the
preferences and decisions of the surgeons. The glaucoma procedure was performed
under direct gonioscopy after the cataract procedure in both the µLOT-Phaco and KDB-
Phaco patient groups. A 2.8 mm corneal incision was created at the temporal position.
A standard phacoemulsification technique; Whitestar Signature Pro (Johnson & Johnson,
New Brunswick, NJ, USA) was used to remove the nucleus during all procedures. The IOLs
(PCB00V, Johnson & Johnson; XY1, HOYA, Tokyo, Japan) were implanted in the capsular
bag. After cataract surgery, a microhook was inserted into the anterior chamber. The inner
wall of the Schlemm’s canal and trabecular meshwork were incised by a microhook at
4 clock hours (nasal quadrant: 120◦) or at 6 clock hours (inferior and nasal bisection: 180◦).
The extent of the incision in the Schlemm’s canal in degrees (EIS) was based on decisions
of the surgeons. The KDB was introduced into the anterior chamber for the purpose of
performing excisional goniotomy, with the pointed chip engaging the trabecular meshwork
to the point where its heel was resting within Schlemm’s canal. In order to excise a strip of
the trabecular meshwork, the KDB was then advanced approximately 4 clock hours (nasal
quadrant: 120◦). After removal of the ophthalmic viscosurgical device, a 27-gauge cannula
was used to hydrate the incisions. There were no sutures placed or used at the end of the
surgery. Postoperative anti-inflammatory and anti-infective therapies were administered
for 3 to 4 weeks in all patients.

2.3. Wavefront Analysis

A wavefront analyzer (KR-1W, Topcon Co., Tokyo, Japan) was utilized to measure the
anterior, posterior, and total corneal wavefront aberrations preoperatively and at 1, 2, and
3 months postoperatively. Aberrometry measurements were performed automatically for a
total of three times. Displayed wavefront aberrations included corneal HOAs, trefoil, coma,
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spherical, third-order, and fourth-order aberrations of the Zernike polynomials, which
were calculated as root mean square values.

2.4. Statistical Analysis

A paired t-test or chi-square test was used to compare the values for the LOT-Phaco
and Phaco alone groups. A multivariable regression model was used to determine the
factors that were associated with the increases in the HOAs at 3 months after LOT-Phaco.
The independent variables used included the age, EIS (120◦ or 180◦), baseline corneal HOAs,
IOP at one day after surgery, IOP at 3 months after surgery, and the device used (KDB or
microhook). To ensure that clinically relevant and confounding variables remained, the
analysis used backward elimination selection. All data are reported as the mean ± standard
deviation (SD). All statistical analyses were conducted by using JMP software version 15
(SAS Inc., Cary, NC, USA). P-values less than 0.05 were considered statistically significant.

3. Results

Phacoemulsification cataract extraction was performed in 21 eyes, with combined
phacoemulsification with trabeculotomy performed in 31 eyes when using the micro-
hook and in 14 eyes when using the KDB. Table 1 presents the clinical characteristics
for the enrolled participants. The mean ages for the µLOT-Phaco and KDB-Phaco (LOT-
Phaco) groups and the cataract surgery (Phaco) control group were 73.3 ± 8.8 years and
78.9 ± 6.0 years, respectively.

Table 1. Baseline patient characteristics.

LOT-Phaco (n = 45) Phaco
(n = 21) p-Value

Age (years) 73.3 ± 8.8 78.9 ± 6.0 0.001
Gender (M/F) 16/29 9/12 0.57

Visual acuity (logMAR) 0.28 ± 0.27 0.16 ± 0.19 0.09
Baseline IOP (mmHg) 17.8 ± 6.1 12.5 ± 3.1 <0.001

Diagnosis
POAG 15
PACG 19

Exfoliation glaucoma 8
Secondary glaucoma 3

Device (microhook/KDB) 31/14
EIS (120◦/180◦) 27/18

M, male; F, female; IOP, intraocular pressure; POAG, primary open-angle glaucoma; PACG, primary angle closure
glaucoma; KDB, Kahook Dual Blade; EIS, extent of the incision in the Schlemm canal in degrees.

Figure 1 presents the IOP trends noted between the two groups over the study course.
The mean IOP in the LOT-Phaco group was 18.0 ± 6.3 mmHg at baseline, while it was
12.9 ± 3.0, 12.3 ± 2.9, 12.6 ± 2.5 mmHg at 1, 2, and 3 months, respectively. The mean IOP
in the Phaco group was 11.7 ± 2.5 mmHg at baseline, while it was 12.2 ± 2.6, 11.4 ± 2.4,
11.7 ± 2.1 mmHg at 1, 2, and 3 months, respectively. At all of the study visits, there was a
significant reduction noted in the IOP as compared to baseline in the LOT-Phaco group.
Table 2 shows the pre- and postoperative visual acuities in both groups. At all study visits
in both groups, there was a significant increase observed in the visual acuity as compared
to baseline.

Table 3 shows the pre- and postoperative corneal HOAs, coma-like aberrations, and
spherical-like aberrations. No significant postoperative changes were observed in the Phaco
group for the corneal HOAs and coma-like or spherical-like aberrations. However, corneal
HOAs and coma-like or spherical-like aberrations were significantly increased in the LOT-
Phaco group at every visit following the initial surgery. Figure 2 demonstrates baseline
versus 3 months after LOT-Phaco corneal HOAs (A) and coma-like (B) or spherical-like
aberrations (C).
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group. Table 2 shows the pre- and postoperative visual acuities in both groups. At all
study visits in both groups, there was a significant increase observed in the visual acuity
as compared to baseline.

Table 2. Postoperative logMAR visual acuity.

LOT-Phaco p-Value Phaco p-Value
Baseline 0.28 ± 0.27 0.16 ± 0.19
1M 0.10 ± 0.28 <0.001 0.01 ± 0.13 0.004
2M 0.08 ± 0.27 <0.001 −0.003 ± 0.13 0.001
3M 0.06 ± 0.23 <0.001 −0.03 ± 0.14 <0.001

Figure 1. Mean intraocular pressure following Phaco-alone or LOT-Phaco. The intraocular
pressure was significantly reduced in LOT-Phaco group compared with baseline. * p < 0.05
compared with baseline. Filled circle LOT-Phaco group; filled square Phaco group.

Table 3 shows the pre- and postoperative corneal HOAs, coma-like aberrations, and
spherical-like aberrations. No significant postoperative changes were observed in the
Phaco group for the corneal HOAs and coma-like or spherical-like aberrations. However,
corneal HOAs and coma-like or spherical-like aberrations were significantly increased in
the LOT-Phaco group at every visit following the initial surgery. Figure 2 demonstrates
baseline versus 3 months after LOT-Phaco corneal HOAs (A) and coma-like (B) or
spherical-like aberrations (C).

Table 3. Postoperative corneal higher-order, coma-like, and spherical-like aberrations.

LOT-Phaco p-Value Phaco p-Value
Corneal higher-order

Baseline 0.222 ± 0.115 0.230 ± 0.229
1M 0.297 ± 0.161 <0.001 0.252 ± 0.134 0.44
2M 0.356 ± 0.255 0.002 0.268 ± 0.142 0.21
3M 0.326 ± 0.195 <0.001 0.272 ± 0.137 0.12

Coma-like
Baseline 0.203 ± 0.113 0.206 ± 0.107
1M 0.251 ± 0.137 0.004 0.228 ± 0.133 0.44
2M 0.305 ± 0.201 0.003 0.239 ± 0.145 0.26
3M 0.302 ± 0.289 0.03 0.244 ± 0.127 0.14

Spherical-like

Figure 1. Mean intraocular pressure following Phaco-alone or LOT-Phaco. The intraocular pressure
was significantly reduced in LOT-Phaco group compared with baseline. * p < 0.05 compared with
baseline. Filled circle LOT-Phaco group; filled square Phaco group.

Table 2. Postoperative logMAR visual acuity.

LOT-Phaco p-Value Phaco p-Value

Baseline 0.28 ± 0.27 0.16 ± 0.19
1M 0.10 ± 0.28 <0.001 0.01 ± 0.13 0.004
2M 0.08 ± 0.27 <0.001 −0.003 ± 0.13 0.001
3M 0.06 ± 0.23 <0.001 −0.03 ± 0.14 <0.001

Table 3. Postoperative corneal higher-order, coma-like, and spherical-like aberrations.

LOT-Phaco p-Value Phaco p-Value

Corneal higher-order
Baseline 0.222 ± 0.115 0.230 ± 0.229

1M 0.297 ± 0.161 <0.001 0.252 ± 0.134 0.44
2M 0.356 ± 0.255 0.002 0.268 ± 0.142 0.21
3M 0.326 ± 0.195 <0.001 0.272 ± 0.137 0.12

Coma-like
Baseline 0.203 ± 0.113 0.206 ± 0.107

1M 0.251 ± 0.137 0.004 0.228 ± 0.133 0.44
2M 0.305 ± 0.201 0.003 0.239 ± 0.145 0.26
3M 0.302 ± 0.289 0.03 0.244 ± 0.127 0.14

Spherical-like
Baseline 0.084 ± 0.043 0.092 ± 0.058

1M 0.151 ± 0.100 <0.001 0.098 ± 0.050 0.69
2M 0.162 ± 0.174 0.01 0.107 ± 0.050 0.27
3M 0.150 ± 0.115 <0.001 0.113 ± 0.071 0.20

Data shown are mean ± SD (µm).

The risk factor that was identified as being associated with the increased corneal
HOAs, coma-like aberrations, and spherical-like aberrations at 3 months after LOT-Phaco
was EIS for the 180◦ Schlemm’s canal opening (Table 4).
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Figure 2. Scatterplot showing baseline versus 3-month corneal higher-order (A), coma-like (B), or spherical-like
aberrations (C). Filled circle 120° EIS group; filled triangle 180° EIS group.

The risk factor that was identified as being associated with the increased corneal
HOAs, coma-like aberrations, and spherical-like aberrations at 3 months after
LOT-Phaco was EIS for the 180° Schlemm’s canal opening (Table 4).

Table 4. Stepwise multiple regression analysis for factors associated with postoperative corneal higher-order, coma-like,
and spherical-like aberrations’ changes.

Corneal Higher-Order Coma-like Spherical-Like
Univariate Multivariate Univariate Multivariate Univariate Multivariate

Factors β
p-Valu
e

β
p-Valu
e

β p-Value β p-Value β p-Value β p-Value

Age −0.003 0.38 −0.004 0.93 −0.002 0.23
IOP one day after

surgery
0.002 0.54 0.006 0.27 0.001 0.63

IOP 3 months after
surgery

0.009 0.45 0.012 0.49 0.005 0.43
0.01
3

0.04

Device (KDB) −0.134 0.03 −0.138 0.14 −0.080 0.02
Baseline corneal

HOAs
−0.558 0.03 −0.526 0.02

Baseline coma-like −0.570 0.14
aberrations

Baseline spherical-like −0.473 0.23
aberrations

EIS (120°) −0.200 <0.001 −0.098 <0.001 −0.222 <0.001 −0.111 0.01 −0.108 <0.001
−0.0
64

<0.001

Figure 2. Scatterplot showing baseline versus 3-month corneal higher-order (A), coma-like (B), or
spherical-like aberrations (C). Filled circle 120◦ EIS group; filled triangle 180◦ EIS group.

Table 4. Stepwise multiple regression analysis for factors associated with postoperative corneal higher-order, coma-like,
and spherical-like aberrations’ changes.

Corneal Higher-Order Coma-like Spherical-like

Univariate Multivariate Univariate Multivariate Univariate Multivariate

Factors β p-Value β p-Value β p-Value β p-Value β p-Value β p-Value

Age −0.003 0.38 −0.004 0.93 −0.002 0.23
IOP one day after

surgery 0.002 0.54 0.006 0.27 0.001 0.63

IOP 3 months
after surgery 0.009 0.45 0.012 0.49 0.005 0.43 0.013 0.04

Device (KDB) −0.134 0.03 −0.138 0.14 −0.080 0.02
Baseline corneal

HOAs −0.558 0.03 −0.526 0.02

Baseline coma-like −0.570 0.14
aberrations

Baseline
spherical-like −0.473 0.23

aberrations
EIS (120◦) −0.200 <0.001 −0.098 <0.001 −0.222 <0.001 −0.111 0.01 −0.108 <0.001 −0.064 <0.001

IOP, intraocular pressure; KDB, Kahook Dual Blade; HOAs, higher-order aberrations; EIS, extent of the incision in the Schlemm’s canal
in degrees.

4. Discussion

Recently, procedures using new microsurgical devices are being developed for MIGS [5,7].
MIGS is commonly defined as a surgical procedure that uses an ab interno approach, results
in minimal trauma with very little, minimal or no conjunctival manipulation, and has a
good safety profile and rapid recovery [13]. However, at 3 months after the LOT-Phaco
procedure in our current study, we found that the there was a continued significant increase
in the total HOAs and coma-like or spherical-like aberrations.

Changes in the HOAs following trabeculectomy have been reported in several stud-
ies [10–12]. Fukuoka et al. [10] found that there was an increase in the ocular coma-like
and total higher-aberrations incidence at 1 month after trabeculectomy, with these changes
shown to return to baseline levels by 3 months. In contrast, we previously reported finding
corneal HOAs were significantly increased from baseline up until 3 months after trabeculec-
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tomy [11]. Moreover, we also found that hypotony could influence corneal HOAs after
filtration surgery [11]. However, in our current study, we found that hypotony was not
observed in all cases.

In this current study, eyes undergoing Phaco were used as the controls. Although we
did not find any significant postoperative changes in the corneal HOAs and coma-like or
spherical-like aberrations after undergoing Phaco, results did show that these parameters
were significantly increased following LOT-Phaco. However, the only difference noted
between these surgeries was for the incision in Schlemm’s canal. In addition, the 180◦

more extensive incision in Schlemm’s canal was found to be a risk factor that influenced
the corneal HOAs, coma-like aberrations, and spherical-like aberrations. In the 120◦

Schlemm’s canal incision group, corneal HOAs, coma-like aberrations, and spherical-like
aberrations were 0.227 ± 0.128 µm, 0.206 ± 0.124 µm, and 0.086 ± 0.050 µm at baseline and
0.251 ± 0.131 µm (p = 0.12), 0.217 ± 0.123 µm (p = 0.47), and 0.110 ± 0.077 µm (p = 0.10) at
3 months after LOT-Phaco, respectively. When compared to the baseline values, there were
no significant differences observed. In the 180◦ Schlemm’s canal incision group, however,
corneal HOAs, coma-like aberrations, and spherical-like aberrations were 0.216 ± 0.095 µm,
0.198 ± 0.098 µm, and 0.080 ± 0.034 µm at baseline and 0.439 ± 0.223 µm (p = 0.001),
0.430 ± 0.406 µm (p = 0.04), and 0.211 ± 0.136 µm (p = 0.002) at 3 months after LOT-Phaco,
respectively. Based on these findings, we assume that Schlemm’s canal plays an important
role in maintaining corneal formation.

Corneal HOAs and coma-like or spherical-like aberrations were significantly higher
than baseline until 2 months (data not shown) and were no longer significantly different
from the baseline at 3 months in the 120◦ Schlemm’s canal incision group. Therefore, we
assume that those aberrations in the 180◦ Schlemm’s canal incision group may also return
to baseline if we extend the follow-up period.

Current study limitations included, first, the effect of the corneal thickness, axial
length, type of implanted IOL, and eccentricity in each eye. However, it is our belief that
the influence of these factors is probably low. Second, it is known that age has an influence
on corneal HOAs [14]. The mean age in our current study was significantly different
between the LOT-Phaco and Phaco groups. However, we found no influence of age for
HOAs following the surgery in our current study. Third, although increases in HOAs
are believed to lead to decreases in functional visual acuity, our current study did not
evaluate the functional visual acuity, with only the visual acuity evaluated. However, we
are presently undertaking an evaluation of the vision-related quality of life that is present
after undergoing the LOT-Phaco procedure. Fourth, the relationship between the EIS and
the reduction in IOP remains unclear. The mean IOP reduction in our current study was
21.2 ± 4.8% and 27.3 ± 5.8% (p = 0.42) at 3 months after surgery in the 120◦ EIS and 180◦ EIS
groups, respectively. Manabe et al. [15] previously reported that there was no correlation
between the EIS (range 150◦ to 320◦) during suture trabeculotomy and the postoperative
reduction in the IOP. Thus, a further long-term comparison of the postoperative outcomes
of EIS in a larger number of patient cases will need to be undertaken in the future.

In conclusion, even though the corneal HOAs and coma-like or spherical-like aberra-
tions exhibited no significant increase from the baseline in the Phaco group, the corneal
HOAs and coma-like or spherical-like aberrations in the LOT-Phaco group remained sig-
nificantly increased from the baseline for up to 3 months after the procedure. Thus, a more
extensive incision in the Schlemm canal should be considered to be a risk factor that can
influence corneal HOAs and coma-like or spherical-like aberrations.
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Abstract: Chronic ocular hypertension (OHT) influences on refraction in youth and causes glaucoma
in adulthood. However, the origin of the responsible mechanism is unclear. This study analyzes
the effect of mild-moderate chronic OHT on refraction and neuroretina (structure and function) in
young-adult Long-Evans rats using optical coherence tomography and electroretinography over
24 weeks. Data from 260 eyes were retrospectively analyzed in two cohorts: an ocular normotension
(ONT) cohort (<20 mmHg) and an OHT cohort (>20 mmHg), in which OHT was induced either by
sclerosing the episcleral veins (ES group) or by injecting microspheres into the anterior chamber. A
trend toward emmetropia was found in both cohorts over time, though it was more pronounced
in the OHT cohort (p < 0.001), especially in the ES group (p = 0.001) and males. IOP and refraction
were negatively correlated at week 24 (p = 0.010). The OHT cohort showed early thickening in outer
retinal sectors (p < 0.050) and the retinal nerve fiber layer, which later thinned. Electroretinography
demonstrated early supranormal amplitudes and faster latencies that later declined. Chronic OHT
accelerates emmetropia in Long–Evans rat eyes towards slowly progressive myopia, with an initial
increase in structure and function that reversed over time.

Keywords: glaucoma; intraocular pressure; refractive error; neuroretina; myopia

1. Introduction

An increase in intraocular pressure (IOP) is the main factor for developing primary
open-angle glaucoma (POAG), which leads to chronic progressive optic neuropathy and is
a leading cause of irreversible blindness worldwide [1]. An association between POAG and
high myopia was found, as highly myopic patients experience increased risk and earlier
onset [2] of this sight-threatening disease [3–6]. The prevalence of myopia and high myopia
(spherical equivalent less than −6.00 D) in the global population is currently 28.3%, and
this is expected to increase by 2050 [7]. Highly myopic eyes suffer from structural changes
such as peripheral retinal atrophic areas, tilted nerve appearance, temporal crescent of
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the optic disc [8], vitreoretinal traction, retinoschisis, lamellar or complete macular hole,
retinal pigment epithelium (RPE) alterations and myopic choroidal neovascularization,
lacquer cracks and chorioretinal atrophy, decreased choroidal thickness, scleral thinning
with irregular curvature and staphyloma [9], and decreased retinal nerve fiber layer (RNFL)
thickness, among others [10]. All these structural differences in myopic eyes are probably
related to biomechanical stretching resulting from the imbalance between IOP and the
elastic properties of the sclera [11–14]. Several animal and human studies have claimed the
baropathic nature of axial myopia [15]. Indeed, several topical ocular hypotensive drugs
were used in animal [16,17] and in human [18] studies to demonstrate the influence of IOP
on axial length and refractive errors.

Unfortunately, POAG is difficult to diagnose in highly myopic eyes as the structural
configuration of the optic nerve acts as a confounder variable in diagnostic tests such as
spectral domain optical coherence tomography (SD-OCT), visual fields and electroretinog-
raphy (ERG) [19–22]. Commercially available OCT devices still do not accurately measure
RNFL thickness using automatic segmentation protocols in highly myopic eyes, exhibit-
ing thinner average distributions in the superior, nasal, and inferior sectors, with greater
temporal thickness, and a temporal shift in the superior and inferior peak locations [9].

To overcome the difficulties of structural diagnosis, OCT-based ganglion cell layer
(GCL) analysis was proposed as a parameter for earlier detection of glaucomatous dam-
age in myopic patients [23]. However, glaucoma is an aging-linked neurodegenerative
pathology, so age could be a confounding factor in SD-OCT measurements. Indeed, animal
studies showed contradictory results, with no definitive correlation between aging and
thinning of the GCL [24–27] as detected in other neurodegenerative diseases [28], espe-
cially with the RNFL parameter [29–31]. Electrophysiological tests also showed functional
impairment in patients affected by ocular hypertension, glaucoma, demyelinating optic
neuropathies and Alzheimer’s disease in both human [32] and animal studies [33,34], with
a functional electrical deficit followed by structural tomographic thinning [35], even with-
out visual dysfunction [34]. Hence, there is ample scope for studying the physiopathology
of neurodegenerative diseases, aging, myopia and glaucoma.

The aim of this study is to analyze the impact of chronic ocular hypertension (OHT) on
the refractive error, structure and function of the neuroretina in two different OHT-inducing
animal models, comparing it with a control cohort presenting ocular normotension (ONT)
over 24 weeks.

2. Materials and Methods

A retrospective study was conducted by collecting data from a proprietary database
of animal glaucoma projects (PI17/01946, MAT2017-83858-C2-2). To investigate the impact
of IOP on the eye, 260 rat eyes were classified as inclusion criteria into ONT (if IOP was
<20 mmHg) or OHT (if IOP was >20 mmHg) cohorts.

2.1. Animals

Long–Evans rats (40% male, 60% female) were used for the study. All animals were
four weeks old, their weights ranged from 50–100 g at the start of the study and were
similar to that reported by the supplier (Janvier-labs, Le Genest-Saint-Isle, France) over the
study. The animal study was carried out in the experimental surgery department of the
Biomedical Research Center of Aragon (CIBA). The experiments were previously approved
by the Ethics Committee for Animal Research (PI34/17) and were carried out in strict
accordance with the Association for Research in Vision and Ophthalmology’s Statement
for the use of Animals.

The control ONT cohort included non-intervened eyes. The OHT cohort comprised
the episcleral sclerosis (ES) group, in which OHT was induced by biweekly sclerosis of
the episcleral veins with hypertonic (1.8M) solution as described [36]. The microspheres
(MS) group, in which OHT was induced by injecting poly-lactic-acid-glycolic (PLGA)
microspheres into the anterior chamber at baseline biweekly for the first month and then
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once monthly until week 20 as described [35,37]. All OHT injections were performed
in the right eye under surgical conditions: controlled temperature, topical tetracaine
(1 mg/mL + oxibuprocaine 4 mg/mL) eye drops (Anestesico doble Colirccusi®, Alcon
Cusí® SA, Barcelona, Spain) and intraperitoneal (60 mg/kg of Ketamine + 0.25 mg/kg of
Dexmedetomidine) anesthetic. Afterwards, the rats were left to recover in an enriched
2.5% oxygen atmosphere and were treated with antibiotic ointment (erythromycin 5 mg/g
(Oftalmolosa Cusí® eritromicina, Alcon Cusí® SA, Barcelona, Spain)).

For detailed methodology characteristics, consult the original articles [27,35,37,38].

2.2. Intraocular Pressure

IOP measurements using a Tonolab® tonometer (Tonolab, TiolatOy Helsinki, Helsinki,
Finland) were recorded in the morning every week. The IOP value was obtained from
the average of 18 rebounds. This procedure was accomplished using a sedative mixture
of 3% sevoflurane gas and 1.5% oxygen for less than 3 min in order to avoid hypotension
effects [39].

2.3. Optical Coherence Tomography

SD-OCT (Spectralis, Heidelberg® Engineering, Heidelberg, Germany) was used to
analyze the refractive status and the structure of the neuroretina over six months. Record-
ings were performed at the initial (0 weeks), middle (12 weeks) and end time of the study
(24 weeks). In addition, an intermediate test was performed at week 8 of the study, which
corresponds to 12 weeks of age of the rat. At this age, development and growth of the
retina end and the retina reaches maturity [40]. A plane power polymethylmethacrylate
(PMMA) contact lens with a thickness of 270 µm and a diameter of 5.2 mm (Cantor+Nissel®,
Northamptonshire, UK) was adapted to the cornea to obtain high-quality images [41].

Refractive status was measured in diopters (D). The RNFL protocol was used for
imaging acquisition. This protocol explores the optic nerve head, which is the most
posterior structure of the rat eye, as the eye is elongated. Retinal images were adjusted
and acquired by focusing on the retinal vascular structure. The diopters obtained through
focusing were then analyzed as the diopter power of the eyeball.

Structural analysis: The RNFL, retina posterior pole (R) and GCL protocol with
automatic segmentation were used to quantify neuroretinal thickness (in micrometers).
These protocols analyze an area of 1, 2 and 3 mm around the center of the optic disc using
61 scans. Subsequent follow-up examinations were acquired at the same location using
the eye-tracking software and follow-up application. Biased examinations were discarded
or manually corrected by a masked, trained technician if the algorithm had obviously
erred. The R and GCL analyzed the 9 ETDRS areas (central area and inner or outer sectors
divided into inferior, superior, nasal, and temporal sectors) and the total volume. The
RNFL protocol analyzed 6 peripapillary sectors (inferotemporal, temporal, superotemporal,
superonasal, nasal, and inferonasal).

For ERG and OCT acquisition, the rats were anesthetized by intraperitoneal adminis-
tration of 60 mg/kg of Ketamine + 0.25 mg/kg of Dexmedetomidine.

2.4. Electroretinography

Electroretinography performed to analyze the outer and inner neuroretinal cells’
functionality at weeks 0, 12 and 24. The electroretinography device (Roland consult®

RETIanimal ERG, Brandenburg an der Havel, Germany) was used to stimulate simultane-
ously both eyes and explore them in multisteps using the flash scotopic and the photopic
negative response (PhNR) protocols. Scotopic test examined rod response: step 1: −40 dB,
0.0003 cds/m2, 0.2 Hz (20 recordings averaged); step 2: −30 dB, 0.003 cds/m2, 0.125 Hz
(18 recordings averaged); step 3: −20 dB, 0.03 cds/m2, 8.929 Hz (14 recordings averaged);
step 4: −20 dB, 0.03 cds/m2, 0.111 Hz (15 recordings averaged). Photopic test examined
retinal ganglion cell functionality: blue background 470 nm, 25 cds/m2 and red LED flash
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625 nm, 0.30 cds/m2, 1.199 Hz (20 recordings averaged). For this purpose, the animals
were prepared and the ERG tests were performed as [27,35] described.

2.5. Statistical Analysis

Statistical analysis was performed by a blinded researcher. Descriptive analysis of
quantitative variables was performed using (mean ± standard deviation [SD]). As the
Kolmogorov–Smirnov test showed a no normal distribution of the variables, comparisons
between both the ONT and OHT cohorts and ES and MS groups were conducted using
the non-parametric Mann–Whitney U test and comparisons among the ONT, ES and MS
cohorts were made using the Kruskal–Wallis H test. Eyes in every cohort were divided
into two groups: those with a diopter power higher or lower than 17 D for the ONT eyes
and 6 D for the OHT eyes. These sub-groups were used to study the logistic regression to
the model so that correlations between refraction and OCT parameters or IOP values could
be made. Correlations with the refractive status of the eye, age, OCT thicknesses, and ERG
parameters were performed using Spearman correlation coefficient and logistic regression
analysis. p values < 0.05 were considered statistical significative; the Bonferroni correction
for multiple comparisons was also calculated to avoid a high false-positive rate.

3. Results

A total of 260 eyes of Long–Evans rats were analyzed from two different cohorts: 74
eyes with an IOP lower than 20 mmHg (ONT cohort serving as control), and 186 eyes with
an IOP higher than 20 mmHg, named the OHT cohort, which in turn was divided into two
sub-groups by induced OHT model: 62 eyes based on the ES model and 124 eyes based on
the biodegradable MS model.

3.1. IOP Analysis

Comparing ONT and OHT cohorts. ONT eyes (16.09 ± 2.25 mmHg (range: 13.37–
17.62 mmHg)) showed statistically significant (p < 0.05) lower IOP than OHT eyes (23.66
± 1.40 mmHg (range 21.44–26.74 mmHg)). Comparing both OHT groups. The ES group
presented the highest IOP values up to week 12, after which the trend reversed (p < 0.001)
(Figure 1a). Analyzing by sex, males suffered from slightly higher IOP values in both the
ONT and OHT groups, and reached statistical significance at weeks 8, 10 and 16 (p = 0.022,
p < 0.001 and p = 0.023, respectively) (Figure 1b).

3.2. Refraction

Comparing ONT and OHT cohorts. Both the ONT and OHT cohorts experienced a
physiological trend toward emmetropia throughout the follow-up, especially over the first
weeks of the study; from 35.16 ± 6.38 D at baseline (Table S1 Supplementary Materials)
to 11.87 ± 3.21 D in the ONT and 11.98 ± 5.21 in the OHT at 8 weeks. However, the
OHT cohort exhibited lower refractive power that reached statistical significance at week
24 (+4.54 ± 1.5 D in the ONT cohort vs.+0.88 ± 2.36 D in the OHT cohort, p < 0.001)
(Figure 2). Comparing both OHT groups. A small difference between both OHT groups
was also detected (p = 0.001), with slightly lower dioptric values for the ES group (+1.66 ±
1.53 D in MS vs. +0.10 ± 2.91 D in ES) (Figure 2a). No statistically significant differences
were found in refraction between sexes (p > 0.05), although males consistently presented
lower dioptric power throughout the follow-up, especially in the OHT cohort (Figure 2b).
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Figure 1. Analysis of intraocular pressure (IOP) in mmHg over the 24-week follow-up comparing the
ocular normotension (ONT) and ocular hypertension (OHT) cohorts (a) and comparing both sexes
(b). Abbreviations: w: week; ES: episcleral sclerosis group; MS: microspheres group; * statistical
differences between the ONT and the OHT cohorts; #: statistical differences between the ES and
MS groups.
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Figure 2. Analysis of refractive power in diopters over the 24-week follow-up, comparing the
ocular normotension (ONT) and ocular hypertension (OHT) cohorts (a) and comparing both sexes
(b). Abbreviations: w: week; ES: episcleral sclerosis group; MS: microspheres group; **: statistical
differences between groups (ONT vs.ES vs. MS) (Kruskal Wallis); A: statistical differences between
ONT and ES; B: statistical differences between ONT and MS.
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3.3. Analysis of the Correlation between Refraction, Ocular Hypertension, and OCT Parameters

There were no statistically significant correlations between the OCT values and the
refractive status of the eye. IOP > 20 mmHg at week 24 was positively correlated to lower
dioptric values with a B coefficient of 4.01 (p = 0.01) for the OHT cohort vs. 4.65 (p = 0.009)
for the ONT cohort.

3.4. OCT Analysis

Comparing ONT and OHT cohorts. The most significant differences were found in
week 8, when the OHT cohort exhibited thicker R values in the inner temporal sector and
all the outer sectors (Table 1). The highest percentage differences by sector also followed
the glaucomatous rule inferior > superior > nasal > temporal until week 12. The ONT
cohort experienced a progressive decrease in RNFL thickness over time, and the OHT
cohort showed an increase in RNFL thickness at week 12 in both the ES and MS groups
(Figure 3). Comparing both OHT groups. Differences between the ONT and OHT cohorts
were usually related to the values found in the MS group.

Table 1. Statistically significant differences found by optical coherence tomography parameters analyzed at weeks 8, 12
and 24.

Time OCT
Protocol Sector ONT (Mean ±

SD in µm)
OHT (Mean ±

SD in µm) D% p *
OHT Groups

(Mean ± SD in
µm)

p †

8 W

R

Central 277.20 ± 17.86 263.21 ± 22.03 −5.05 0.022
MS 263.80 ± 22.89

0.022ES 260.30 ± 17.86

Temporal
Inner

244.70 ± 8.35 251.90 ± 18.50 +2.86 0.047
MS 250.78 ± 14.82

0.047ES 257.50 ± 31.74

Inferior
Outer

239.90 ± 6.19 250.50 ± 11.13 +4.23 0.003
MS 251.40 ± 11.34

0.003ES 246.00 ± 9.30

Nasal
Outer

243.30 ± 4.34 253.60 ± 12.85 +4.06 0.002
MS 253.96 ± 11.84

0.002ES 251.90 ± 17.60

Superior
Outer

246.30 ± 4.19 256.86 ± 17.28 +4.13 0.017
MS 257.04 ± 16.69

0.017ES 256.00 ± 20.89

Temporal
Outer

245.00 ± 6.48 254.10 ± 16.10 +3.58 0.013
MS 253.12 ± 12.17

0.013ES 259.00 ± 29.37

GCL

Central 19.80 ± 3.39 17.03 ± 3.34 −13.99 0.014
MS 16.78 ± 3.27

0.014ES 18.30 ± 3.62

Superior
Inner

24.10 ± 1.85 20.91 ± 4.03 −13.24 0.004
MS 20.53 ± 4.04

0.004ES 22.80 ± 3.61

12 W R Central 285.33 ± 18.90 266.00 ± 16.73 −6.76 0.039
MS 267.33 ± 17.21

0.039ES 265.56 ± 17.61

24 W RNFL
Nasal

Superior 39.27 ± 7.25 28.88 ± 11.99 −26.46 0.036
MS 31.00 ± 10.66

0.050ES 27.60 ± 13.10

OCT: optical coherence tomography; R: retina; GCL: ganglion cell layer complex; RNFL: retinal nerve fiber layer; W: week; ONT: ocular
normotension cohort; OHT: ocular hypertension cohort; ES: episcleral sclerosis group; MS: microspheres group; D%: differences in
percentage; p: statistical differences (<0.05): * U Mann Whitney; † Kruskal Wallis; the lowest thickness values are highlighted in bold.
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Figure 3. Neuroretinal thickness measured by optical coherence tomography in both the ocular
normotension and ocular hypertension cohorts and the ocular hypertension sub-groups at 8, 12, 24
weeks follow-up. (a) Retina thickness, (b) Retina nerve fiber layer thickness, (c) Ganglion cell layer
thickness. The analysis is based on the mean values of all the OCT sectors. ONT: ocular normotension
cohort; OHT: ocular hypertension cohort; ES: episcleral sclerosis group; MS: microspheres group;
RNFL: retinal nerve fiber layer; GCL: ganglion cell layer; µm: thickness in micrometers; W: week;
star: baseline thickness.
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3.5. ERG Analysis

Comparing ONT and OHT cohorts. The ONT cohort presented wider variability
in subject responses compared to the OHT cohort (Figures 4–6). In the OHT cohort, a
stronger response was found in scotopic and photopic conditions in week 12, with shorter
latencies (Figures 4a, 5a and 6a) and greater amplitudes (Figures 4b, 5b and 6b). However,
maintenance of hypertension over time (week 24) decreased the electrical signal in the ERG,
which almost matched the ONT values, especially in the later stages. Comparing both
OHT groups. Generally, the MS groups exhibited faster latency and greater amplitude in
week 12 in scotopic and photopic conditions, although this trend reversed in week 24.

Figure 4. a-wave electroretinographic response in both the ocular normotension and ocular hyperten-
sion cohorts and the ocular hypertension sub-groups at weeks 12 and 24. (a) a-latency in milliseconds
of photoreceptors under scotopic conditions. (b) a-amplitude in microvolts of photoreceptors under
scotopic conditions. Abbreviations: ONT: ocular normotension group; OHT: ocular hypertension
group; ES: episcleral sclerosis group; MS: microspheres group; w: week; ms: milliseconds; µV:
microvolts; **: statistical differences between groups (ONT vs. ES vs. MS) (Kruskal–Wallis); #:
statistical differences between the ES and MS groups; A: statistical differences between ONT and
ES; B: statistical differences between ONT and MS; C: statistical differences between ES and MS.
Scotopic test (rod response): step 1: −40 dB, 0.0003 cds/m2, 0.2 Hz (20 recordings averaged); step 2:
−30 dB, 0.003 cds/m2, 0.125 Hz (18 recordings averaged); step 3: −20 dB, 0.03 cds/m2, 8.929 Hz (14
recordings averaged); step 4: −20 dB, 0.03 cds/m2, 0.111 Hz (15 recordings averaged).
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Figure 5. b-wave electroretinographic response in both the ocular normotension and ocular hyperten-
sion cohorts and the ocular hypertension sub-groups at weeks 12 and 24. (a) b-latency in milliseconds
of intermediate cells under scotopic conditions. (b) b-amplitude in microvolts of intermediate cells
under scotopic conditions. ONT: ocular normotension group; OHT: ocular hypertension group; ES:
episcleral sclerosis group; MS: microspheres group; w: week; ms: milliseconds; µV: microvolts; *
statistical differences between the ONT and OHT cohorts. **: statistical differences between groups
(ONT vs. ES vs. MS) (Kruskal–Wallis); #: statistical differences between the ES and MS groups;
A: statistical differences between ONT and ES; B: statistical differences between ONT and MS; C:
statistical differences between ES and MS. Scotopic test (rod response): step 1: −40 dB, 0.0003 cds/m2,
0.2 Hz (20 recordings averaged); step 2: −30 dB, 0.003 cds/m2, 0.125 Hz (18 recordings averaged);
step 3: −20 dB, 0.03 cds/m2, 8.929 Hz (14 recordings averaged); step 4: −20 dB, 0.03 cds/m2, 0.111
Hz (15 recordings averaged).
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Figure 6. PhNR wave electroretinographic response in both the ocular normotension and ocular
hypertension cohorts and the ocular hypertension sub-groups at weeks 12 and 24. (a) PhNR latency
of in milliseconds under photopic conditions. (b) PhRN amplitude in microvolts under photopic
conditions. Abbreviations: ONT: ocular normotension group; OHT: ocular hypertension group; ES:
episcleral sclerosis group; MS: microspheres group; w: week; ms: milliseconds; µV: microvolts; *
statistical differences between the ONT and OHT cohorts. **: statistical differences between groups
(ONT vs. ES vs. MS) (Kruskal–Wallis); #: statistical differences between the ES and MS groups; A:
Statistical differences between ONT and ES; B: Statistical differences between ONT and MS. Photopic
test: blue background 470 nm, 25 cds/m2 and red LED flash 625 nm, 0.30 cds/m2, 1.199 Hz (20
recordings averaged). a: photoreceptors response; b: intermediate cells response; PhNR: ganglion
cells response.

4. Discussion

The effects of ocular hypertension have been described in a multitude of short-term
animal studies, generally up to a maximum of 8 weeks of follow-up [37,42–44]. This study
analyzes the effect of chronic OHT maintained over time focusing the study between 8 and
24 weeks of chronicity. To our knowledge, this is the first retrospective longitudinal 24-week
study carried out in young-adult Long-Evans rats in vivo using automatically segmented
OCT images that analyze the effect of mild-moderate OHT (between 20–30 mmHg) on
refraction from the neuroretinal perspective (structure and function) and employs two
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different OHT-inducing models (ES vs. MS), in comparison to healthy controls. This allows
us to analyze the neurodegenerative process in conditions of chronic OHT on myopia.

4.1. Refractive Analysis

The total optic power of the eye depends on factors such as axial length, corneal
power and lens power. At birth, human eyes are usually hyperopic, and afterwards there
is a trend toward emmetropia as the cornea structure stabilizes, though axial length may
continue to grow until the second decade. However, in high myopia there is continuous,
progressive axial elongation throughout life, possibly due to genetic, environmental and
behavioral factors [45,46]. Although all the mechanisms involved in this progressive
enlargement of the eyeball are not completely understood, the effect of IOP on axial
elongation of the posterior pole [47,48], the importance of sclera stiffness [49] and the
dynamic responses of the sclera after a chronic increase in IOP [50] have been factors
involved in the emmetropization process.

Ocular hypertension in congenital glaucoma occurs in developing loose tissue, mean-
ing the sclera still exhibit great plasticity and stretch, increasing axial length [51]. This
is similar to what occurs in high myopia [52,53], which supports the incidence of high
myopia in adulthood [54]. When ocular hypertension occurs in older ages, scleral tissues
are more rigid and stiffen [55], explaining the greater glaucomatous damage (IOP spikes
are more poorly mitigated by less elastic sclera), the outward shift of the lamina cribosa
and remodeling of connective tissue [56], and the deeper anterior chamber described in
both the ES model and DBA/2J glaucomatous mice (not observed in OHT models using
cauterization, probably due to the experimental intervention itself) [57,58]. Indeed, there
is increasing evidence about the development of delayed and sustained OHT associated
with repeated intravitreal anti-vascular endothelial growth factor injections in retinal dis-
eases, such as age-related macular degeneration [59,60]. Several structure optic nerve
head manifestations after intravitreal volume injections have been lately described as a
mechanical displacement of the optic nerve head and canal expansion, with a widening
and deepening of the optic, a prelaminar tissue thinning and a Bruch membrane opening
expansion, suggesting structural changes after IOP and volume increase in aged patients,
with rigid sclera [61]. Our experiments started when the rats were 4 weeks old, so they
should not be considered either adults or newborns, but young rats. The refractive status
was likewise not consistent with high myopia (−6 D) so, in our opinion, eye elongation was
presumably more similar to what occurs in human POAG. Our OHT models supported
the pre-existing evidence, as the ES cohort presented higher IOP, greater axonal damage,
and lower dioptric power.

This study demonstrated the influence of sustained mild–moderate IOP on the em-
metropization process. The baseline optical power was 35.16 ± 6.28 D (as [62] reported),
with a progressive trend toward emmetropia in both ONT and OHT eyes. However, the
statistically significant correlations to refraction were found only with mild–moderate OHT
at week 24 in both ES and MS models, and were not found with functional or structural
alterations. Therefore, a chronic sustained increase in IOP was considered the main risk
factor involved in the loss of refractive power in OHT eyes. In this regard, animal and
human studies also correlated hypotensive treatments such as trabeculectomy [63] and
topical drugs such as latanoprost [16] to a decrease in total axial length, although studies
with drugs such as timolol showed inconsistencies in both human [18] and animal mod-
els [17]. One of the next steps worth studying in future prospective studies is the influence
of prompt normalization of IOP on refraction in these OHT models as a possible treatment
for myopia.

Nowadays, high myopia is increasingly prevalent in populations that carry out near-
vision activities [64,65]. Sharp focus on a near image requires concomitant activation of both
inferior and medial rectus muscles, and the subsequent compression of the eyeball by both
muscles may cause an increase in IOP [66], similar to what happens in other compressive
pathologies [67,68]. In addition, greatest drainage of aqueous humor occurs mainly via
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the nasal and lower episcleral veins [69–73], so sustained compression of these muscles at
these locations during near-vision activities for extended periods of time would increase
IOP. Moreover, in childhood and early adulthood, when eye elongation is easily achieved
as it is less rigid, refractive power may consequently decrease [74]. Indeed, lower dioptric
power would require higher demand for more synkinesis accommodation/convergence,
creating a vicious circle [75]. Current studies with atropine drops are showing promising
results in controlling myopia by producing a reversible anti-accommodative effect [76,77],
and the dose-dependent anti-muscarinic effect on the smooth muscles of the episcleral
veins could also balance the outflow.

In this study, the ES model, in which the outflow of the episcleral veins is limited,
induced higher IOP and higher negative dioptric power. MS model produced a progressive
alteration of the trabecular meshwork due to the mechanical clogging [78], but in a slower
and more progressive structural and functional damage, more similar to that of the human
POAG, and a lower negative dioptric power [35]. Moreover, a trend toward higher dioptric
power was found in females, as well as lower levels of IOP, attributed to estrogens [79].
Scleral stiffness depends on choroidal vascular factors, among others, so estrogens could
contribute to vascular protection against peripapillary rigidity and posterior location of the
optic nerve head, which could explain the higher myopia rates found in male rats.

To our knowledge, this is the first study that longitudinally monitors eye growth
in vivo (by indirect study of optical power) using non-invasive, simple, objective OCT tech-
nology that demonstrates progressive myopization in glaucomatous rats, influenced by sex
and the OHT-inducing model. Refractive study in small animals usually requires invasive,
expensive or low-reliability techniques such as enucleation, magnetic resonance imaging or
ultrasound biomicroscopy, respectively, which makes longitudinal studies with the same
animal impracticable. Previous ocular biometric studies using OCT on healthy [80,81] and
glaucomatous mice [50,82] have been performed. However, only one study of healthy rats
measured biometrics in vivo using high-resolution A-scan ultrasonography [62], and no
convincing evidence of emmetropization during normal eye development was detected.
Similar results were found in this study, in which the ONT cohort never experienced
negative optical power (myopia), unlike rats in the OHT cohort.

Analysis of refractive status constitutes a methodological limitation. As it was a
retrospective study, it was not designed to analyze axial length, so the refractive status of
the eye was measured with the OCT focuser, which improves image quality when acquiring
OCT scans. The value obtained via this method is acceptable, but less accurate than axial
length. Moreover, the use of a rigid contact lens for OCT imaging from which the retinal
focusing data were obtained, introduces a tear lens, whose power will vary according to the
mismatch between the fixed, posterior radius of curvature of the lens and anterior corneal
radius, which can be expected to increase with age, and may also be altered in response
to intracameral injections of MS. However, the lens was used in each examination, so the
induced error would be constant, and the refractive trend found in our results would be
constant throughout the study.

4.2. Structural Analysis

A decrease in RNFL thickness is a common feature in both myopic [83] and glau-
comatous patients, though RNFL segmentation errors in automated SD-OCT analysis
are frequent in myopia [84]. The good correlation observed between GCL and RNFL
analysis has surpassed total retinal quantification, and GCL analysis has emerged as a
more appropriate imaging tool for detecting early glaucomatous progression in myopic
patients [85].

When analyzing the R, RNFL and GCL values, OCT protocols were performed around
the optic disc as rats do not have macula, so central values could lead to misinterpretations.
This is one of the main reasons why correlations to human retina are limited. As regards
general trends, differences in R thickness between the ONT and OHT cohorts were seen up
to week 8, although they then decreased through week 24, possibly due to a neurodegener-
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ative process, with an initial inflammatory response that causes an increase in thickness
(activated microglia and other inflammatory mediators [31]), and a final atrophic pattern.
The greater thickness found in external sectors of peripheral retina could be attributed to
peripheral immune infiltration [31]. On the other hand, it is important to highlight that
there were no correlations between refraction and R, GCL, and RNFL thicknesses. IOP was
therefore the most important factor modifying retinal thickness, meaning that the RNFL
thinning observed in the OHT cohorts in week 24 was secondary to neurodegeneration
rather than a stretching of the retinal tissue. Hence, OCT has demonstrated its reliability
when analyzing retinal structures in neurodegenerative diseases [28], even during the
emmetropization process.

Comparing both OHT groups, the ES group exhibited thicker R, RNFL and GCL
values at week 8, but the thickness loss rate was also higher over time, reaching the lowest
thickness at the end of follow-up. As this cohort suffered from higher IOP levels, these eyes
could have suffered intense damage (a more extreme response) at GCL level that explains
this drop. Conversely, RNFL analysis of the OHT cohorts showed an initial increase in
thickness until week 12, after which the trend reversed in both groups, although it did so
more dramatically in the ES group, supporting this theory.

The lack of histological studies is the main handicap of structural analysis, but several
studies reflected the good correlation between immunohistochemistry and OCT thicknesses,
making SD-OCT reliable for research in retinal degeneration [28]. Another limitation of
this study was not having considered the lateral magnification that occurs as the anterior
chamber increases, which overstates the retinal thickness. Most myopic eyes may therefore
have even smaller retinal thicknesses [86].

4.3. Functional Analysis

ERG showed supranormal responses in the OHT cohorts, especially in the MS group in
week 12. These outcomes were also observed in other animal studies with acute [43,47] and
chronic [48] non-ischemic increases in IOP. This noxa could lead to initial hyperstimulation
of the neuronal structures, especially bipolar and intermediate cells, while the process is
neither ischemic nor chronic. In other words, we are possibly witnessing the beginning of
the disease in an early or even reversible phase. However, this initially stronger electrical
response disappeared at week 24, suggesting the decline of this phenomenon, probably
due to ischemia or neurodegenerative damage, as occurs in POAG. It has also been hypoth-
esized that the supranormal ERG responses could be related to the increase in illuminated
retinal area during the test (greater axial length means greater retinal area, compared to
normal axial length), though this hypothesis could not explain all the ERG findings [44],
among them the fact that the supranormal electrical response is not sustained over time,
but only when the eye is more hyperopic (in early phases of the study). In contrast, hu-
man studies showed a negative correlation between axial length (but not refractive error)
and the values of ERG responses in healthy adults [20,87], as occurs here at later stages.
This pattern of electrical response was more extreme in the MS group and was consistent
throughout the steps, showing a coherent pattern of electrical behavior in photoreceptor
and bipolar cells. However, because the ES model is more aggressive, this suprasignal
could have occurred before week 12 in the ES model. We may therefore have witnessed an
ongoing decay phase.

This functional behavior could be somehow correlated to the structural OCT findings
of this study. At week 12, the GCL and RNFL are not as damaged, and their status is
reversible, which could be correlated to the ERG hyperresponsive pattern. This could be
supported by a previous study (also using Long–Evans rats) with a similar electrical pattern
after chronic IOP elevation (by circumlimbal suture) that returned to baseline after suture
removal [88]. This functional damage was not correlated with structural damage to GCL
density, but with a reduction in the RNFL in week 15 in the post-hoc analysis [88]. Again, it
is important to note that the only parameter that was statistically correlated to the refraction
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was IOP > 20 mmHg, not the ERG parameters. Our results therefore suggest that refractive
status also appears to be an independent factor for ERG tests when analyzing POAG.

5. Conclusions

In this article, we pointed out the relationship between ocular hypertension and
refraction over time. Visual disturbances in glaucomatous patients could also be associated
with a progressive negative refractive error, in addition to the neurodegenerative damage
associated with glaucoma, so frequent assessment of refraction may be important in these
patients over time. The study of functional and structural tests in early and late stages in
two different POAG models produced a deeper understanding of the pathophysiological
retinal damage caused by the increase in IOP, with an initial increase in electrical signal
associated with a thickening pattern detected using OCT, followed by functional and
structural impairment. In addition, the lack of correlation between the refractive status
of the eye and the structure and function of the retina provided further insight into the
usefulness of OCT and ERG in relation to the emmetropia process.
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Abstract: Purpose: To investigate the factors associated with an increase in the neuroretinal rim (NRR)
thickness measured based on Bruch’s membrane opening-minimum rim width (BMO-MRW) after
trabeculectomy in patients with primary open-angle glaucoma (POAG). Methods: We analyzed the
BMO-MRW using spectral-domain optical coherence tomography (SD-OCT) of patients with POAG
who underwent a trabeculectomy for uncontrolled intraocular pressure (IOP) despite maximal IOP
reduction treatment. The BMO-MRW was measured before and after trabeculectomy in patients with
POAG. Demographic and systemic factors, ocular factors, pre- and post-operative IOP, and visual
field parameters were collected, together with SD-OCT measurements. A regression analysis was per-
formed to investigate the factors that affected the change in the BMO-MRW after the trabeculectomy.
Results: Forty-four eyes of 44 patients were included in the analysis. The IOP significantly decreased
from a preoperative 27.0 mmHg to a postoperative 10.5 mmHg. The mean interval between the
trabeculectomy and the date of post-operative SD-OCT measurement was 3.3 months. The global and
sectoral BMO-MRW significantly increased after trabeculectomy, whereas the peripapillary retinal
nerve fiber layer thickness did not show a difference between before and after the trabeculectomy.
Younger age and a greater reduction in the IOP after the trabeculectomy were significantly associated
with the increase in the BMO-MRW after trabeculectomy. Conclusions: The NRR thickness measured
based on the BMO-MRW increased with decreasing IOP after trabeculectomy, and the increase in the
BMO-MRW was associated with the young age of the patients and greater reduction in the IOP after
trabeculectomy. Biomechanically, these suggest that the NRR comprises cells and substances that
sensitively respond to changes in the IOP and age.

Keywords: neuroretinal rim reversal; Bruch’s membrane opening-minimum rim width; trabeculectomy;
intraocular pressure

1. Introduction

Reducing intraocular pressure (IOP) from glaucoma filtration surgery is accompanied
by dynamic structural changes in the optic nerve head (ONH) [1–12]. These changes
are called “reversal of disc cupping” because neuroretinal rim (NRR) tissue thickening is
noted in funduscopic imaging and confocal scanning laser ophthalmoscopy [4,5,9,10,12].
Since optical coherence tomography (OCT) became available, several studies have been
conducted on the detailed structural changes in the ONH and peripapillary retinal nerve
fiber layer (RNFL) thickness after glaucoma filtration surgery [1–3,7,8,11]. Studies using
OCT have found that the lamina cribrosa (LC) depth decreased after trabeculectomy,
whereas the peripapillary RNFL thickness was unchanged [2,3,7].

More recently, Bruch’s membrane opening (BMO)-related OCT parameters have
enabled the quantification of the NRR tissue of the ONH [13,14]. As expected, the represen-
tative parameters—BMO-MRW and BMO-minimum rim area—were reported to increase
after trabeculectomy [3,7,11,15].
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The increase in the NRR thickness after trabeculectomy is believed to occur secondary
to the relief of compressive and stretch forces on the NRR tissue due to a reduced IOP [3].
Depending on the characteristics of the cells or substances filling the NRR tissue, the degree
of the increase in the NRR thickness after trabeculectomy might be different. However, it is
not yet known which factors affect the increase in NRR thickness following a postoperative
IOP decrease.

In this study, using spectral-domain OCT (SD-OCT) and analyzing the BMO-based
parameters of the NRR before and after trabeculectomy, we aimed to determine the factors
that affect the changes in NRR thickness due to an IOP decrease after trabeculectomy.

2. Methods
2.1. Participants

For this retrospective, interventional study, all patients who underwent trabeculec-
tomy at Yeungnam University Hospital from March 2020 to December 2020 were reviewed,
and patients who met the following inclusion and exclusion criteria were selected. The
study was approved by the Yeungnam University Hospital Institutional Review Board
(IRB) and followed the tenets of the Declaration of Helsinki (IRB no. 2021-03-066). Consid-
ering the nature of the retrospective study, the requirement to obtain informed consent was
waived by the IRB of the Yeungnam University Hospital.

The inclusion criteria were as follows: (1) patients aged 20 years or older who were
diagnosed with primary open-angle glaucoma (POAG) and underwent trabeculectomy
for uncontrolled IOP despite the maximum IOP reduction treatment, (2) patients who
underwent at least one disc SD-OCT examination within 1 month prior to the glaucoma
surgery, (3) patients who underwent at least one disc SD-OCT examination between 1
and 6 months after glaucoma surgery, and (4) patients whose IOP remained stable below
20 mmHg from immediately after the surgery to the time of the postoperative SD-OCT
scan. POAG was diagnosed based on the following criteria: (1) the presence of typical
glaucomatous optic disc changes (increased cupping, focal or diffuse loss of the NRR, or an
RNFL defect), (2) glaucomatous visual field (VF) defect in at least two consecutive tests,
(3) an open angle observed during a gonioscopic examination, and (4) IOP > 21 mmHg
with or without the use of an antiglaucomatous medication. All patients underwent limbal-
or fornix-based trabeculectomy with mitomycin C, which was performed by a glaucoma
specialist (DYP, CSC).

Regarding the exclusion criteria, patients who underwent glaucoma surgery with a
diagnosis of angle-closure glaucoma or secondary glaucoma, such as neovascular glaucoma,
uveitic glaucoma, or exfoliation glaucoma, were excluded because factors such as sudden
fluctuations in the IOP before surgery, ONH ischemia, or ocular inflammation may affect
the analysis of changes in the ONH according to the decrease in the IOP after surgery.
Cases of a needling procedure or additional surgery due to an increased IOP after surgery,
cases requiring additional procedures because of hypotony, or cases with an IOP of less
than 6 mmHg were excluded.

The following parameters were collected from the included patients: age, sex, presence
of hypertension or diabetes, phakic status, average IOP after maximum medical IOP-
lowering treatment within 3 months before surgery, average IOP within 6 months after
surgery, axial length, central corneal thickness (CCT), and VF parameters (mean deviation
(MD), pattern standard deviation, and VF index). SD-OCT measurements (BMO and RNFL
parameters) taken before and after surgery were also collected, together with the period
from the surgery to the SD-OCT measurement.

2.2. Measurement of Bruch’s Membrane Opening-Minimum Rim Width Using Spectral-Domain
Optical Coherence Tomography

A Spectralis SD-OCT (Heidelberg Engineering GmbH, Heidelberg, Germany) was
used to measure BMO-related parameters in the ONH. SD-OCT imaging was performed
in accordance with the standard operating procedures. The scanning was focused on
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the center of the BMO, and 24 radial equidistant cross-sectional images were obtained.
The BMO-MRW and RNFL thickness values were automatically calculated on a global
and sectoral basis using the device’s standard operating software. The BMO area was
also calculated automatically. If necessary, automated delineation of the internal limiting
membrane and BMO were manually corrected.

2.3. Statistical Analyses

A paired t-test or a Wilcoxon signed-rank test was performed depending on data nor-
mality to compare the variables before and after trabeculectomy. We performed univariable
and multivariable regression analyses using a generalized linear model to identify factors
associated with an increase in the BMO-MRW after trabeculectomy. Characteristics with a
p-value < 0.1 in the univariable analysis were included in the multivariable analysis. In the
multivariable regression analysis, two models were used to avoid multicollinearity. Beta
coefficients were calculated based on a 10 µm increase in the BMO-MRW. A p-value < 0.05
was considered statistically significant. Statistical analyses were performed using IBM SPSS
software version 24.0 (IBM Corp., Armonk, NY, USA) and R statistical package version 3.5.3
(R Foundation for Statistical Computing, Vienna, Austria).

3. Results

Sixty-six eyes of 66 patients with POAG underwent trabeculectomy from March 2020
to December 2020. Of these, 10 and 6 eyes were excluded from the analysis due to the
absence of an OCT examination before and after surgery, respectively. Four eyes were
excluded due to the presence of postoperative hypotony. Two eyes were excluded due to
poor OCT image quality. Finally, 44 eyes of 44 patients were included in the analysis.

Demographic and baseline information of the patients is summarized in Table 1. The
mean age of the 44 patients was 62.5 years (standard deviation (SD), 15.1 years), of whom
33 (75%) were male. The mean interval between trabeculectomy and the postoperative
SD-OCT examination was 3.3 months (SD, 1.9 months).

Table 1. Demographic and baseline characteristics of the patients.

Variables Total Subjects (n = 44)

Age, years 62.5 ± 15.1
Gender, male/female 33/11

Diabetes, yes/no 15/29
Hypertension, yes/no 12/32
Phakia/pseudophakia 28/16

Central corneal thickness, µm 548.1 ± 37.4
Axial length, mm 24.2 ±1.3

Visual field MD, dB −20 ± 7.5
Visual field PSD, dB 8.4 ± 3.0
Visual field VFI, % 44.7 ± 26.5

Average RNFL thickness, µm 62.5 ± 22.4
BMO-area, µm2 2.32 ± 0.56

Global BMO-MRW, µm 151.9 ± 45.5
IOP: intraocular pressure; MD: mean deviation; PSD: pattern standard deviation; dB: decibel; VFI: visual field
index; RNFL: retinal nerve fiber layer; BMO-MRW: Bruch’s membrane opening-minimum rim width. Data are
presented as mean ± standard deviation or n (frequency).

The IOP significantly decreased from a preoperative 27.0 mmHg (SD, 6.6 mmHg)
to a postoperative 10.5 mmHg (SD, 3.3 mmHg). The global BMO-MRW significantly
increased from a preoperative value of 151.9 µm to a postoperative value of 181.8 µm
(p < 0.001). In addition to the global BMO-MRW, the BMO-MRW by sector also significantly
increased postoperatively, except for the inferotemporal (TI) sector (Table 2). The BMO area
and average peripapillary RNFL thickness did not show a significant difference between
preoperatively and postoperatively (Table 2).
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Table 2. Intraocular pressure, BMO-MRW, and RNFL thickness at baseline and the postoperative
OCT examination.

Preoperative Postoperative p-Value

IOP, mmHg 27 ± 6.6 10.5 ± 3.3 <0.001
BMO-area, µm2 2.32 ± 0.56 2.29 ± 0.57 0.52

Global BMO-MRW, µm 151.9 ± 45.5 181.8 ± 84.7 <0.001
BMO-MRW_TS, µm 127.3 ± 55.1 143.1 ± 83 0.007
BMO-MRW_T, µm 132.4 ± 45 153.8 ± 75.7 0.002
BMO-MRW_TI, µm 138.1 ± 78.8 152 ± 108.1 0.06
BMO-MRW_NI, µm 189.3 ± 66.7 212.8 ± 94 0.004
BMO-MRW_N, µm 169.7 ± 55.7 195.6 ± 73.6 <0.001

BMO-MRW_NS, µm 161.4 ± 61.9 183.7 ± 70.5 <0.001
Average RNFL thickness, µm 62.5 ± 22.4 61.6 ± 19.7 0.68

RNFL_TS, µm 79.2 ± 42 71.6 ± 31.9 0.08
RNFL_T, µm 57.4 ± 25.8 57.1 ± 24.8 0.87
RNFL_TI, µm 71.6 ± 33.1 70.3 ± 37.1 0.72
RNFL_NI, µm 66.2 ± 28.2 67.8 ± 24.9 0.37
RNFL_N, µm 53.6 ± 23.6 54.9 ± 20.7 0.45

RNFL_NS, µm 70 ± 35.5 64.9 ± 28.4 0.20
IOP: intraocular pressure; BMO-MRW: Bruch’s membrane opening-minimum rim width; RNFL: retinal nerve
fiber layer. TS: superotemporal; T: temporal; TI: inferotemporal; NI: inferonasal; N: nasal; NS: superonasal. Data
are presented as mean ± standard deviation. Statistically significant p-values are shown in bold.

Univariable regression analysis found that the increase in the global BMO-MRW after
trabeculectomy was greater when the patient’s age was lower, the CCT was thinner, the
VF MD was better, the preoperative average RNFL thickness was greater, and the IOP
reduction was higher (Table 3). Multivariable regression analyses found that younger age
and greater reduction in the IOP after trabeculectomy remained significant factors that
affected the increase in the BMO-MRW after trabeculectomy (Table 3, Figure 1). Unlike the
BMO-MRW, the change in the average RNFL thickness was not affected by the patients’
age or the amount of reduction in IOP after trabeculectomy (Supplementary Table S1).

Table 3. Factors associated with an increase in the global BMO-MRW (per 10 µm) after trabeculectomy.

Univariable Multivariable

Model 1 Model 2

Variables Beta (95% CI) p-Value Beta (95% CI) p-Value Beta (95% CI) p-Value

Age, per 1 year older −0.19 (−0.31 to −0.08) 0.001 −0.11 (−0.20 to −0.02) 0.02 −0.10 (−0.19 to −0.00) 0.05
Gender, male −0.96 (−5.38 to 3.46) 0.67

Diabetes −1.01 (−5.06 to 3.04) 0.63
Hypertension −0.77 (−5.20 to 3.65) 0.73

Phakia/pseudophakia −1.80 (−5.76 to 2.16) 0.38
Duration, months 0.36 (−0.69 to 1.41) 0.51

Central corneal thickness,
40 µm −2.04 (−3.98 to −0.09) 0.04 −0.55 (−1.97 to 0.86) 0.45 −0.40 (−1.85 to 1.05) 0.59

Axial length, mm 0.78 (−1.31 to 2.87) 0.47
Visual field MD, dB 0.28 (0.04 to 0.52) 0.03 0.09 (−0.09 to 0.28) 0.33
Visual field PSD, dB 0.25 (−0.39 to 0.89) 0.44

Preoperative average RNFL
thickness, 10 µm 0.80 (−0.04 to 1.63) 0.07 0.26 (−0.32 to 0.85) 0.38

Preoperative global
BMO-MRW thickness, 10 µm 0.28 (−0.14 to 0.70) 0.21

Preoperative IOP, mmHg 0.13 (−0.16 to 0.43) 0.39
Postoperative IOP, mmHg −0.63 (−1.03 to −0.24) 0.003
Reduction of IOP, mmHg 0.28 (0.11 to 0.45) 0.002 0.19 (0.01 to 0.37) 0.04 0.21 (0.04 to 0.38) 0.02

IOP: intraocular pressure; MD: mean deviation; PSD: pattern standard deviation; dB: decibel; RNFL: retinal nerve fiber layer; BMO-MRW:
Bruch’s membrane opening-minimum rim width. Visual field MD and the average preoperative RNFL thickness were strongly associated
with each other; thus, each was analyzed separately in the multivariable analysis. Beta coefficients were calculated based on the 10 µm
increase in the BMO-MRW. Statistically significant p-values are shown in bold.
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Figure 1. Scatter plot showing the relationship between the increase in the Bruch’s membrane opening-minimum rim width
(BMO-MRW) after trabeculectomy and the patients’ age (left) and the amount of IOP reduction after trabeculectomy (right).

4. Discussion

NRR thinning is a major change that is observed in the disc in glaucoma, and it
is important in diagnosing glaucoma and judging the progression of glaucoma. NRR
thinning is known to be dynamically reversed after glaucoma surgery [2–12]. Therefore,
understanding the factors that are associated with these changes can help to determine the
progression of patients with glaucoma after glaucoma surgery. In addition, identifying the
factors that are associated with the reversal of NRR thinning has important implications in
that it may help to better understand the biomechanical properties of the NRR and infer
the pathogenesis of disc cupping. In this study, we found that the BMO-MRW increased
significantly after trabeculectomy, whereas there was no significant change in the RNFL.
In multivariable regression analysis, changes in BMO-MRW were greater with a greater
reduction in the IOP after trabeculectomy, even more so in younger patients.

Several studies reported changes in the structure of the ONH after glaucoma filtration
surgery. Previously, it was reported that the NRR became thicker on two-dimensional fun-
dus photographs [4–6,9,10,12]. Subsequently, through cross-sectional ONH analysis using
SD-OCT, it was found that the depth of the LC decreased and its thickness increased [8].
Changes in the LC depth after the IOP reduction via glaucoma filtration surgery were
also reported to be observed in myopic eyes with a tilted disc [16]. It was also reported
that the LC curvature flattened and the LC depth decreased as the IOP decreased after
surgery [17,18]. These changes were thought to be the result of connective tissue remod-
eling and collagen rearrangement occurring in the LC. Previous studies showed that the
amount of change in the LC depth or curvature after glaucoma filtration surgery was
related to the higher perioperative IOP reduction and younger patients’ age [8,17], which
were also found in this study to be associated with changes in the BMO-MRW after surgery.
These suggest that, similar to the LC, the NRR measured based on the BMO-MRW had a
composition that can be reversibly changed following lowering of IOP by filtering surgery,
which could be affected by the amount of IOP reduction and young age.

Histologically, it is known that the composition of the NRR and LC differs [19]. In
other words, when the nerve fiber axon passes through the NRR-containing prelaminar
and LC, the cells and substances that consist of the surrounding structures are changed. In
the peripapillary area, thin-bodied glial cells are distributed parallel to the axons [19,20].
In the NRR-containing prelamina, glial cells show a loose arrangement and glial fibers
are distributed perpendicular to the nerve fiber bundle [19,21]. In the LC, connective
tissue consisting of collagen, elastin, and laminin separates the glial cells and axons as
the main components. Different from the LC, the NRR is known to have little connective
tissue. Considering these characteristics, the structural changes in the NRR according to
the fluctuation in the IOP after surgery might be related to the plasticity of distribution
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of the glial cells. In fact, in an animal model of glaucoma, it was reported that as the
IOP increased, the processes of astrocytes thickened and the distribution of the astrocytes
changed from perpendicular to parallel to the axons [22,23]. In addition, there was a study
that showed that the population of glial cells in the optic nerve in rodents varies with
age [24,25]. Therefore, we assumed that age-dependent changes that occur in glial cells
when the IOP increases might be reversed when the IOP decreases after trabeculectomy.

Unlike the BMO-MRW, in this study, the peripapillary RNFL did not show a reversible
change according to the postoperative IOP reduction, which is consistent with the results
of previous studies [2,3,7]. This implies that it was not the thickness or number of axons,
but rather the properties and distribution of glial cells surrounding the axons that were
different in the peripapillary RNFL and BMO-MRW according to the decrease in the IOP
after trabeculectomy. More studies assessing the characteristics and distributions of the
glial cells comprising the ONH in humans or primates, their changes with age and IOP,
and plasticity and reversibility of the changes are required.

This study has several limitations. First, in this study, we did not evaluate the change in
LC-related parameters after trabeculectomy, such as the LC depth, thickness, or curvature.
This was because we analyzed the ONH only with radial scan, which is not appropriate
for analyzing the LC. Therefore, we were not able to obtain the results regarding the
change in the LC in response to an IOP decrease after trabeculectomy, and it was not
possible to interpret the change in the BMO-MRW after surgery in relation to the change
in the LC. Further studies assessing the correlation between the changes in the BMO-
MRW after trabeculectomy and changes in the LC and whether the factors associated
with these changes have an independent effect are needed. Second, we did not observe
long-term changes in the BMO-MRW after trabeculectomy. Previously, it was reported
that after 6 months of glaucoma drainage device surgery or trabeculectomy, the BMO-
MRW was not significantly different from preoperative values [7,26]. Therefore, our results
should be interpreted as showing that the transient increase in the BMO-MRW following
postoperative IOP decrease was associated with age and the amount of IOP reduction after
trabeculectomy. It is not yet known whether age and amount of IOP reduction are also
related to the duration for the BMO-MRW to normalize after surgery. Third, this study was
not conducted in a prospective manner; thus, we cannot exclude the potential selection
bias. However, most of the parameters analyzed in this study, including OCT parameters,
were items that are examined in a routine manner in our clinic before surgery and within 6
months after surgery. A prospective study with regular follow-up OCT examinations after
trabeculectomy is needed in the future.

In conclusion, by quantitatively analyzing the BMO-MRW measured using SD-OCT,
we confirmed that the NRR thickness increased after trabeculectomy. The increase in the
BMO-MRW was related to the younger age of the patients and a greater reduction in the IOP
after trabeculectomy. Clinically, we should consider these when judging the progression
of glaucoma based on changes in the NRR after trabeculectomy. Biomechanically, these
suggest that the cells or substances that make up the NRR respond to changes in the IOP
after trabeculectomy, which may vary depending on age and the IOP.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/jcm10163646/s1, Table S1: Factors associated with increase in the average RNFL thickness
(per 10 µm) after trabeculectomy.
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Abstract: We compared surgical outcomes in patients with either primary open-angle glaucoma or
exfoliation glaucoma after undergoing combined phacoemulsification with either a 120◦ or 180◦

incision during a Schlemm’s canal microhook ab interno trabeculotomy (µLOT-Phaco). This retro-
spective comparative case series examined 52 µLOT-Phaco eyes that underwent surgery between
September 2017 and December 2020. Surgical qualified success was defined as an intraocular pres-
sure (IOP) of ≤20 mmHg, ≥20% IOP reduction with IOP-lowering medications, and no additional
glaucoma surgery. Success rates were evaluated by Kaplan-Meier survival analysis. The number
of postoperative IOP-lowering medications and occurrence of complications were also assessed.
Mean preoperative IOP in the 120◦ group was 16.9 ± 7.6 mmHg, which significantly decreased to
10.9 ± 2.7 mmHg (p < 0.01) and 11.1 ± 3.1 mmHg (p = 0.01) at 12 and 24 months, respectively. The
mean number of preoperative IOP-lowering medications significantly decreased from 2.8 ± 1.4 to
1.4 ± 1.4 (p < 0.01) at 24 months. Mean preoperative IOP in the 180◦ group was 17.1 ± 7.0 mmHg,
which significantly decreased to 12.1 ± 3.2 mmHg (p = 0.02) and 12.9 ± 1.4 mmHg (p = 0.01) at 12 and
24 months, respectively. The mean number of preoperative IOP-lowering medications significantly
decreased from 2.9 ± 1.2 to 1.4 ± 1.5 (p < 0.01) at 24 months. The probability of qualified success at
24 months in the 120◦ and 180◦ groups was 50.4% and 54.6%, respectively (p = 0.58). There was no
difference observed for hyphema formation or IOP spikes. Surgical outcomes were not significantly
different between the 120◦ and 180◦ incisions in Schlemm’s canal.

Keywords: ab interno trabeculotomy; intraocular pressure; glaucoma; incision in the Schlemm’s
canal in degrees; post-surgical complication

1. Introduction

Worldwide, glaucoma is the second most common cause of blindness [1]. Elevated in-
traocular pressure (IOP) has been reported by several studies to be an important risk factor
for glaucoma and disease progression [2,3]. First-line therapy involves topical medications,
which have a demonstrated and proven record of efficacy in all adult glaucoma stages.
Incisional surgery is often considered when topical medications are not able to adequately
reduce the IOP. New devices introduced over the last few years include minimally invasive
glaucoma surgery (MIGS), which has generated great interest within the field. The greatest
resistance for the aqueous humor outflow has been shown to be within the trabecular
meshwork, with glaucomatous eyes exhibiting an even greater resistance in this region [4].
Devices and techniques, such as the trabectome, microhook, and Kahook Dual Blade, have
been employed as ways for reducing the resistance of the trabecular meshwork.

While using a gonio lens, Tanito et al. [5] performed an ab interno trabeculotomy
procedure, which utilized an original microhook (Inami & Co., Ltd., Tokyo, Japan), in
order to incise the internal wall of the trabecular meshwork. In these original studies,
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Tanito et al. [5,6] utilized a 240◦ incision of the trabecular meshwork. In our own recent
study, we found that after combined phacoemulsification with either a microhook or
a Kahook Dual Blade ab interno trabeculotomy, there was a significant increase in the
corneal higher-order aberrations (HOAs) [7]. After examining the extent of the incision
in the Schlemm’s canal in degrees (EIS) (which included both a 120◦ and 180◦ group), we
determined that the risk factor associated with the increased corneal HOAs was the EIS in
the 180◦ Schlemm’s canal opening group [7]. Based on these previously reported findings,
this suggests that both the efficacy and safety of the 120◦ or 180◦ of the EIS should be
investigated in a microhook ab interno trabeculotomy (µLOT).

Therefore, the purpose of our current study was to examine the efficacy and safety of
both the 120◦ and the 180◦ incisions in phacoemulsification cataract extraction with µLOT
(µLOT-Phaco).

2. Materials and Methods

This study evaluated data obtained from patients who underwent µLOT-Phaco be-
tween September 2017 and December 2020 at Hiroshima University Hospital. The study
protocol was approved by the Institutional Review Board of Hiroshima University. All
subjects provided written informed consent in accordance with the principles outlined in
the Declaration of Helsinki, in addition to the standard consent for surgery.

Although patients with primary open-angle glaucoma (POAG) and exfoliation glau-
coma were included in the study, any patient with a history of previous ocular surgery was
excluded. In addition, all subjects had to have a minimum of 3 months of postoperative
follow-up in order to be included in the analysis. When both eyes were treated in the
patient, only the first eye treated was used for the analysis.

A 2.8-mm incision was created in the temporal position of the cornea. Removal of
the nucleus during all procedures was performed using a standard phacoemulsification
technique: Whitestar Signature Pro (Johnson & Johnson, New Brunswick, NJ, USA). All
of the intraocular lens (IOLs) (PCB00V, Johnson & Johnson; XY1, HOYA, Tokyo, Japan)
were implanted in the capsular bag. The µLOT surgical technique has been previously
described [8]. In brief, after the cataract surgery, µLOT was performed under direct
gonioscopy, with the microhook inserted into the anterior chamber through the corneal
incision. Subsequently, after insertion of the tip of the microhook into Schlemm’s canal,
it was then moved circumferentially in order to incise the inner wall of the Schlemm’s
canal and the trabecular meshwork at 4 clock hours (nasal quadrant: 120◦) or at 6 clock
hours (inferior and nasal bisection: 180◦) (Video, Supplemental Digital Content, Video S1).
All decisions regarding the degree of the incision in Schlemm’s canal were made by
the surgeon performing the procedure. A 27-gauge cannula was used to hydrate the
incisions after the removal of the ophthalmic viscosurgical device. Each individual surgeon
was responsible for the postoperative administration of anti-inflammatory, anti-infective,
and miotic therapies. Furthermore, the restarting of the IOP-lowering medications was
performed in accordance with the judgment of the surgeon.

All statistical analyses were conducted using JMP software version 15 (SAS Inc.,
Cary, NC, USA). The Student’s t-test for continuous variables and a chi-square test for
categorical variables were used to compare the clinical characteristics between the 120◦

and 180◦ incision groups. A chi-square test was also used to compare the postoperative
complications. In addition, mean IOP and mean number of IOP-lowering medications,
along with their reductions from baseline, were determined at each time point by group
and compared between groups. When a combination of IOP-lowering medications was
used, this was counted as two drugs. This study also performed a Kaplan-Meier survival
analysis, with a drop of the IOP of at least 20%, an IOP ≤ 20 mmHg with (qualified
success) or without (complete success) administration of IOP-lowering medications, and no
additional glaucoma surgery all defined as being a success. Surgical success was achieved
if, after ≥3 months of follow-up because of the occurrence of postoperative IOP fluctuations
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after trabeculotomy [9]. Continuous data are presented as the mean ± standard deviation.
p values < 0.05 were considered to indicate statistical significance.

3. Results

A total of 52 consecutive eyes from 52 patients with open-angle glaucoma (POAG: 34,
exfoliation glaucoma: 18) were included in this study. Table 1 presents the clinical character-
istics of the enrolled participants. There were no significant differences observed between
the 120◦ and 180◦ incision groups in terms of age, gender, glaucoma type, preoperative
IOP, and the number of glaucoma eye drops.

Table 1. Clinical characteristics.

120◦ 180◦ p Value

No. eyes 30 22
Age (years) 72.3 ± 10.4 75.4 ± 10.8 0.30

Gender (M/F) 18/12 13/9 0.94
Type of glaucoma 0.82

POAG 20 14
Exfoliation glaucoma 10 8

Preoperative IOP (mmHg) 16.9 ± 7.6 17.1 ± 7.0 0.94
No. IOP-lowering medications 2.8 ± 1.4 2.9 ± 1.2 0.89

Mean deviation (dB) −13.9 ± 1.4 −9.2 ± 1.7 0.03
M; male, F; female, POAG; primary open-angle glaucoma; IOP; intraocular pressure.

Table 2 shows the IOP and changes from baseline at each time point for each group.
The mean IOP in the 120◦ incision group was 16.9 ± 7.6 mmHg at baseline, while it was
12.5 ± 2.7 mmHg (n = 25; p = 0.01), 10.9 ± 2.7 mmHg (n = 14; p < 0.01), 11.2 ± 3.0 mmHg
(n = 13; p < 0.01), and 11.1 ± 3.1 mmHg (n = 10; p = 0.01) at 6, 12, 18, and 24 months, respec-
tively. In the 180◦ incision group, the IOP was 17.1 ± 7.0 mmHg at baseline, while it was
12.9 ± 2.4 mmHg (n = 22; p = 0.045), 12.1 ± 3.2 mmHg (n = 21; p = 0.02), 12.6 ± 2.7 mmHg
(n = 16; p = 0.02), and 12.9 ± 1.4 mmHg (n = 13: p = 0.01) at 6, 12, 18, and 24 months, respec-
tively. Figure 1 shows pre-operative and postoperative (final visit) IOPs for all patients in
the study.

Table 2. Differences in preoperative and postoperative IOP.

120◦ 180◦

IOP at Each Time
Point (mmHg)

Change from
Baseline (%) p Value * IOP at Each Time

Point (mmHg)
Change from
Baseline (%) p Value * p Value **

Baseline 16.9 ± 7.6 (n = 30) 17.1 ± 7.0 (n = 22) 0.94
Month 6 12.5 ± 2.7 (n = 25) 18.8 ± 26.6 0.01 12.9 ± 2.4 (n = 22) 15.3 ± 28.6 0.045 0.62

Month 12 10.9 ± 2.7 (n = 14) 29.5 ± 29.7 <0.01 12.1 ± 3.2 (n = 21) 24.1 ± 25.4 0.02 0.27
Month 18 11.2 ± 3.0 (n = 13) 26.1 ± 31.2 <0.01 12.6 ± 2.7 (n = 16) 22.7 ± 29.3 0.02 0.77
Month 24 11.1 ± 3.1 (n = 10) 34.2 ± 27.2 0.01 12.9 ± 1.4 (n = 13) 23.1 ± 26.4 0.01 0.07

IOP; intraocular pressure; * Calculated using paired t-test for IOP between preoperative and postoperative value; ** Calculated using
Student’s t-test for % changes from baseline between the groups.

Table 3 shows the mean number of IOP-lowering medications at each time point for
each group. The mean number of IOP-lowering medications in the 120◦ incision group was
2.8 ± 1.4 at baseline, while it was 0.9 ± 1.1 (p < 0.01), 1.0 ± 1.3 (p < 0.01), 1.1 ± 1.3 (p < 0.01),
and 1.4 ± 1.4 (p < 0.01) at 6, 12, 18, and 24 months, respectively. In the 180◦ incision group,
the mean number of IOP-lowering medications was 2.9 ± 1.2 at baseline, while it was
0.9 ± 1.1 (p < 0.01), 0.9 ± 1.1 (p < 0.01), 1.2 ± 1.3 (p < 0.01), and 1.4 ± 1.5 (p < 0.01) at 6,
12, 18, and 24 months, respectively. Figure 2 shows the numbers of pre-operative and
postoperative IOP-lowering medications.
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Table 3. Differences in preoperative and postoperative number of IOP-lowering medication.

120◦ 180◦

Number of Medications
at Each Time Point p Value * Number of Medications at

Each Time Point p Value * p Value **

Baseline 2.8 ± 1.4 (n = 30) 2.9 ± 1.2 (n = 22) 0.89
Month 6 0.9 ± 1.1 (n = 25) <0.01 0.9 ± 1.1 (n = 22) <0.01 0.94
Month 12 1.0 ± 1.3 (n = 14) <0.01 0.9 ± 1.1 (n = 21) <0.01 0.86
Month 18 1.1 ± 1.3 (n = 13) <0.01 1.2 ± 1.3 (n = 16) <0.01 0.78
Month 24 1.4 ± 1.4 (n = 10) <0.01 1.4 ± 1.5 (n = 13) <0.01 >0.99

IOP; intraocular pressure; * Calculated using Wilcoxon signed-ranks test for number of IOP-lowering medication between preoperative and
postoperative values; ** Calculated using Mann-Whitney’s U test for postoperative values between the groups.
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Figure 2. Bar graph showing the number of preoperative and postoperative medications.

Figure 3 shows the Kaplan-Meier survival curves used to compare the surgical out-
comes in the 120◦ and 180◦ groups. At 12 and 24 months postoperatively, qualified success
rates in the 120◦ and 180◦ groups were 50.4% and 54.6%, and 50.4% and 54.6%, respectively
(p = 0.87) (Figure 3A). In contrast, the complete success rates in the 120◦ and 180◦ groups
were 33.2% and 27.3%, and 33.2% and 27.3%, respectively (p = 0.58) (Figure 3B).
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Figure 3. Survival cure analysis success rate of intraocular pressure control after combined phacoemulsification when
using either a 120◦ or 180◦ incision during Schlemm’s canal microhook ab interno trabeculotomy. Surgery failure was
defined as an intraocular pressure drop of < 20%, intraocular pressure > 20 mmHg with (A) or without (B) intraocular
pressure-lowering medication, and additional glaucoma surgery. Solid line: 120◦ group, Dashed line: 180◦ group.

Within 1 week after the surgery in the 120◦ and 180◦ groups, IOP spikes (an IOP
increase of > 30 mmHg) occurred in 2 (6.7%) and 1 (4.6%) eyes, respectively (p = 0.75). All
of these subsided in conjunction with the administration of IOP-lowering medications.
Hyphema was defined as red blood cells accumulated in the anterior chamber of the
eye [10]. In the 120◦ and 180◦ groups, hyphema with niveau formation occurred in 5
(16.7%) and 4 (18.2%) eyes, respectively (p = 0.89) (Table 4). In the 120◦ group, the extent
of the niveau formation of hyphema was below 2 mm in 1 eye, while it was below 1 mm
in 4 eyes, with a mean time of resolution of the hyphema of 7.2 days. In the 180◦ group,
the extent of the niveau formation of hyphema in all eyes was below 1 mm, with a mean
time of resolution of the hyphema of 4.3 days. None of the eyes required any additional
glaucoma surgery.

Table 4. Postoperative complications.

120◦ 180◦ p Value

Hyphema with niveau formation 5 (16.7%) 4 (18.2%) 0.89
Transient IOP elevation > 30 mmHg 2 (6.7%) 1 (4.6%) 0.75

IOP; intraocular pressure.

4. Discussion

The results of the current study showed there was a similar efficacy between the
120◦ and the 180◦ incision in the Schlemm’s canal µLOT-Phaco procedures. In addition,
there were no significant difference observed for the surgical success rate, mean IOP, IOP
reduction rate, and IOP-lowering medications scores between the 120◦ and 180◦ incisions
in Schlemm’s canal.

Manabe et al. [11] examined increases in the extent of the incision in Schlemm’s
canal to ≥150◦ and reported that this did not affect the reduction in the IOP at 1 year
postoperatively. Sato et al. [12] also showed that neither the 180◦ nor the 360◦ incision in
Schlemm’s canal affected the IOP reduction. Furthermore, Mori et al. [13] reported that
there was no significant difference for the 1-year success rate between the 1- and 2-quadrant
incisions in Schlemm’s canal when using µLOT. In enucleated human eyes, as compared to
results for the 360◦ incision in the Schlemm’s canal LOT, the 30◦ and 120◦ incisions resulted
in 42% and 85% reductions in outflow resistance, respectively [14]. Therefore, incisions
greater than 120◦ may not be able to further reduce the IOP in the different types of MIGS.
In contrast, the 360◦ suture trabeculotomy achieved lower IOP values as compared to the
120◦ metal trabeculotomy [15]. However, in that study, the 120◦ incisions were created with
metal probes. It may be difficult to evaluate surgical outcomes according to the extent of
the incision because of the different incision approaches.
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A previous study reported finding a positive correlation between the extent of the
incision in Schlemm’s canal (ranging from 150 to 320◦) and the hyphema score at 1 day post-
operatively [11]. Furthermore, another study found that there was a significant difference
between the 180◦ and 360◦ Schlemm’s canal incisions for the frequency of postoperative
hyphema [11]. However, our current study found no significant differences for either the
complications noted between the 120◦ and 180◦ incisions or for the safety between these
two techniques. In addition, Mori et al. [13] recently examined the hyphema formation
between 1- and 2-quadrant incisions in Schlemm’s canal groups and reported finding there
was no difference between the groups. These results suggest that incisions more than 180◦

in Schlemm’s canal are likely to cause greater blood reflux from the collector channels,
thereby leading to a higher frequency of postoperative hyphema.

Our recent study additionally showed that a more extensive incision (180◦ vs. 120◦) in
Schlemm’s canal was a risk factor for potential changes in the corneal HOAs, coma-like,
and spherical-like aberrations [7]. Corneal HOAs in the 120◦ Schlemm’s canal incision
group were 0.227 ± 0.128 µm at baseline and 0.251 ± 0.131 µm (p = 0.12) at 3 months
after surgery [7]. However, corneal HOAs in the 180◦ Schlemm’s canal incision group
were 0.216 ± 0.095 µm at baseline and 0.439 ± 0.223 µm (p = 0.001) at 3 months after
surgery [7]. These results suggest that increases in the HOAs can subsequently lead to
functional visual acuity decreases. In order to definitively confirm these findings, we are
presently evaluating the vision-related quality of life that occurs after patients undergo
µLOT-Phaco procedure.

We evaluated data obtained from patients who underwent µLOT-Phaco in the current
study. However, Chen et al. [16] previously reported an average 13% reduction in IOP and
12% reduction in IOP-lowering medications 1 year after phacoemulsification in patients
with POAG. Therefore, the true effect associated with the µLOT procedure is difficult to
determine.

In our current study, there were some limitations. First, this was a retrospective study.
As a result, the 120◦ or 180◦ incisions in the Schlemm’s canal were not randomly assigned to
the subjects. Furthermore, outcome data were not specifically collected but rather obtained
during our routine clinical practice. Second, this study only evaluated a relatively small
number of cases. A small sample size might have led to the non-significant difference
between the 120◦ and 180◦ incisions in Schlemm’s canal. Therefore, in order to obtain
better rigorous comparative evidence and data, a multi-center, randomized, prospective
study will need to be undertaken. Recent MIGS procedures have been performed in
relatively medically controlled glaucoma patients to reduce medication [17]. Such cases
were included in the current study and had a relatively low baseline IOP and IOP reduction
in each group. In the current study, all cases of failure had a <20% IOP reduction in all
patients. To verify the results in eyes with a higher baseline IOP, a subgroup of cases with
a baseline IOP ≥ 21 mmHg was analyzed. The mean IOP in the 120◦ incision group was
reduced from 31.2 ± 6.3 mmHg (n = 5) at baseline to 12.0 ± 2.4 mmHg at the final visit.
The mean IOP in the 180◦ incision group was also reduced from 26.5 ± 5.8 mmHg (n = 6)
at baseline to 13.8 ± 0.8 mmHg at the final visit. These results were comparable to those of
the original study population.

In conclusion, the current findings demonstrate that there was no difference in the
surgical success between the 120◦ and 180◦ incisions in the Schlemm’s canal µLOT-Phaco.
However, corneal HOAs, coma-like, and spherical-like aberrations were associated with a
more extensive incision in Schlemm’s canal, thereby suggesting that extensive incisions are
a risk factor in these procedures. Therefore, the authors strongly recommend the use of a
120◦ incision during Schlemm’s canal µLOT-Phaco.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/jcm10143181/s1, Video S1: Technique of microhook ab interno trabeculotomy.
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Abstract: Background: Uncontrolled intraocular pressure (IOP) plays a principal role in the deterio-
ration of glaucoma, and the intraocular pressure is also accepted as the most important modifiable
factor. Calcium ion has been found to play a vital role in regulating the resistance of the trabecular
meshwork in humans. However, the relationship between serum total calcium and IOP has not
been well-established. Methods: We investigated the association between serum total calcium and
the IOP in a large population (14,037 eligible participants, consisting of 7712 men and 6325 women,
were included) at the Tri-Service General Hospital from 2010 to 2016. Several models of covariate
adjustments associated with IOP were designed. Univariate and multivariate regression analysis was
performed for gender differences in the association between the serum total calcium level and IOP.
Results: There was a significant relationship between serum total calcium levels and IOP in women
and men with a β coefficient of 0.050 (95% confidence interval (CI), 0.030–0.069) and 0.025 (95%CI,
0.007–0.043). Notably, participants in the highest tertiles of serum total calcium levels had signifi-
cantly higher IOP, in both the male and female participants. Conclusions: Our study shows that IOP
is significantly associated with serum total calcium levels in a large Asian population. This study
supports the notion that serum total calcium may play an important role in groups at high risk for
elevated IOP.

Keywords: intraocular pressure; serum calcium; female

1. Introduction

Glaucoma is a chronic and irreversible disease characterized by progressive loss
of retinal ganglion cells [1]; it is a leading cause of permanent blindness in the world.
Intraocular pressure (IOP) has been well accepted as the most important modifiable factor
for development of glaucoma and the goal of most therapy is to control IOP. Many studies
have reported positive associations between IOP and several cardiometabolic conditions,
including hypertension, diabetes [2], postprandial glucose [3], coronary atherosclerosis [4],
and obesity [5].

The aqueous humor (AH) drainage system in human eyes has two pathways, includ-
ing conventional or trabecular outflow and uveoscleral outflow. The trabecular outflow is
the main drainage route in humans, which is composed of the trabecular meshwork, the
juxtacanalicular connective tissue, the endothelial lining of Schlemm’s canal, the collecting
channels, and the aqueous veins [6]. If any structure in the trabecular outflow pathway is
damaged, AH drainage can be impaired, which causes elevation of IOP.

Calcium ion plays an important role in cell signaling and cell contraction; its concen-
tration is modulated by many factors, including the cellular environment. Dysregulation of
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calcium homeostasis has been found in many neurodegenerative diseases, such as Hunting-
ton’s disease, Parkinson’s disease, Alzheimer’s disease, amyotrophic lateral sclerosis, and
multiple sclerosis [7,8]. In a primary open angle glaucoma (POAG) model from postmortem
donor eyes, one study discovered the mitochondrial function of trabecular meshwork (TM)
cells was damaged, which caused the cells to be abnormally vulnerable to calcium ion
stress. Hence, the IOP is uncontrolled because of dysfunction in calcium regulation in these
cells [9]. Another study reports that transient receptor potential vanilloid 4 (TRPV4) is a
central channel for calcium ion and mechanical stretch-sensitivity in human TM cells. Me-
chanical stress, such as swelling and pressure, can activate TRPV4 and cause extracellular
matrix (ECM) remodeling associated with increased TM stiffness and contractility. Finally,
when the TM outflow is obstructed, the IOP is elevated [10].

However, serum total calcium is now believed to be associated with metabolic syn-
drome and other cardiometabolic disease [11,12]. The relationship between metabolic
syndrome and high IOP was discovered in previous studies [5,13]. To date, no cross-
sectional studies have investigated the association between serum total calcium and IOP in
an Asian population with a large sample size. Hence, the aim of our study is to explore the
influence of serum total calcium on IOP in an Asian population.

2. Materials and Methods
2.1. Design of the Study

We collected the medical records of healthy examinations including laboratory ex-
aminations, ophthalmological examinations, body composition, and self-reported ques-
tionnaires between 2010 and 2016 in a medical center, the Tri-Service General Hospital
(TSGH) in Taiwan. Only participants over 20 years old were included in this study. This
was a retrospective study to determine the association of IOP with serum total calcium
levels. Our exclusion criteria were as follows: missing laboratory data; those lacking com-
prehensive examinations; any systemic disease that could affect the IOP and homeostasis
of serum calcium (hypertension, diabetes, chronic kidney disease, coronary atherosclerosis,
and obesity); any glaucoma history or having received anti-glaucoma therapy; using any
eyedrops in the past month; histories of ocular hypertension, ectatic dystrophies, and
contact-lens-related complications; histories of any intraocular surgery; and an inter-eye
IOP difference above 3 mmHg [14]. If the participants received more than one healthy
examination during this period, we only selected the data at the first visit to analyze.
Finally, 14,037 eligible participants, consisting of 7712 men and 6325 women, were included
in the analysis (Figure 1). The study was conducted in accordance with the principles of the
Declaration of Helsinki, and it received institutional review board approval from TSGH.

2.2. Ophthalmological Examinations

Ophthalmological examinations were performed by professional ophthalmologists in
a standard ophthalmological examination room in TSGH, including best-corrected visual
acuity (BCVA), IOP, biomicroscopic examinations, and dilated fundus examinations. A
CT-80 non-contact computerized tonometer was used to obtain the IOP of both eyes, and
the mean IOP values of both eyes were recorded for logistic regression.

2.3. Covariates

Age, gender, and personal history (smoking and drinking) were obtained by a self-
assessment questionnaire. Bioelectrical impedance analysis (InBody720, Biospace, Inc.,
Cerritos, CA, USA) was applied to measure the percentage body fat. Participants must
have fasted for at least 8 h before blood draws. Uric acid, serum total cholesterol, aspar-
tate aminotransferase, creatinine, highly sensitive C-reactive protein, thyroid-stimulating
hormone, and total calcium were included in laboratory examinations and were analyzed
by various methods. A Hitachi 737 automated analyzer was used to measure uric acid.
Enzymatic colorimetric methods were applied to detect total cholesterol and aspartate
aminotransferase. The Jaffe method using alkaline picrate was used to measure creatinine.
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Highly sensitive C-reactive protein was accessed by latex-enhanced nephelometry. An
immune-enzymatic assay was applied to detect thyroid-stimulating hormone. Finally, the
o-cresolphthalein complexone method was used to measure serum total calcium levels. All
methods were executed based on the relevant guidelines and regulations of TSGH.
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2.4. Statistical Analyses

The differences between men and women with respect to demographic characteristics
and laboratory data were analyzed by t-test and chi-squared test. Gender difference in IOP
was found in many studies. Some studies revealed the IOP was higher in the male group than
in the female group [15,16]. However, some studies proposed the opposite view [17,18]. The
effect of modification by serum total calcium level and gender was tested by interaction terms
in the models for the IOP. There were significant interactions between serum total calcium
level and gender. According to the significant findings of the interaction testing, further
stratified analyses were performed. Multivariate linear and logistic regression models were
used to investigate the association between serum total calcium and IOP. Three models of co-
variate adjustments were designed: Model 1 = unadjusted; Model 2 = Model 1 + age, gender,
percentage body fat, total cholesterol, uric acid, aspartate aminotransferase, creatinine, highly
sensitive C-reactive protein, and thyroid-stimulating hormone, which were recognized as
correlated variables with IOP [19–21]; and Model 3 = Model 2 + smoking and drinking, which
were also recognized as correlated variables with IOP [22]. Multivariate linear regression
analysis was used for gender differences in the association between the serum total calcium
level and IOP. In addition, we divided serum total calcium levels into tertiles to perform
tertiles-based analysis, and participants in the lowest tertile were regarded as the reference
group. The cut-off levels of serum total calcium for the tertiles were as follows: 5 mg/dL < T1
≤ 9.1 mg/dL; 9.1 mg/dL < T2 ≤ 9.4 mg/dL; and 9.4 mg/dL < T3 ≤ 12 mg/dL. We also used
the logistic regression to calculate the odds ratios and to investigate the relationship between
serum total calcium and the risk of high IOP. In our study, high IOP was defined as 18 mmHg,
according to a previous study [23]. A receiving operating characteristic (ROC) curve plot
was used to find the optimal cut-off of serum total calcium. Furthermore, the area under the
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ROC (AUROC) and the corresponding 95% confidence intervals (CI) were all calculated. A
P value less than 0.05 was defined as statistically significant for all analyses. Data analysis
of this study was conducted using IBM Statistical Product and Service Solutions Statistics
version 22.0.

3. Results
3.1. Demographics of the Participants

Clinical demographic information including age, IOP, percentage body fat, and bio-
chemical data in men and women are presented in Table 1. The study group comprised
14,037 participants (7712 men and 6325 women; mean age 46.88 ± 13 years and 47.00 ± 12.61
years, respectively). Table 1 shows that the IOP was higher in men (14.80 ± 3.10 mmHg) and
that the percentage body fat (31.94 ± 6.67%) and total cholesterol (191.29 ± 36.66 mg/dL)
were higher in women.

Table 1. Characteristics of participants between gender.

Variables Male
(n = 7712)

Female
(n = 6325) p-Value

Continuous Variables, Mean (SD)
Age (years) 46.88 (13.00) 47.00 (12.61) 0.577

IOP (mmHg) 14.80 (3.10) 14.54 (3.09) <0.001
Percentage body fat (%) 25.00 (6.33) 31.94 (6.67) <0.001

Total cholesterol (mg/dL) 189.31 (36.09) 191.29 (36.66) 0.001
Uric acid (mg/dL) 6.49 (1.33) 4.76 (1.10) <0.001

Aspartate aminotransferase (U/L) 23.01 (13.52) 19.63 (9.31) <0.001
Creatinine (mg/dL) 0.97 (0.34) 0.68 (0.17) <0.001

highly sensitive C-reactive protein
(mg/dL) 0.25 (0.56) 0.21 (0.42) <0.001

Thyroid-stimulating hormone
(IU/mL) 2.15 (1.54) 2.47 (1.96) <0.001

Serum total calcium (mg/dL) 9.28 (0.40) 9.21 (0.41) 0.310

Category Variables, (n, %)

Smoking 3448 (44.7) 515 (8.1) <0.001
Drinking 4242 (55.0) 1544 (24.1) <0.001

Abbreviations: SD, standard deviation; IOP, intraocular pressure.

3.2. Association between Serum Total Calcium and Intraocular Pressure

In our study, we found a prominent relationship between serum total calcium levels
and IOP. The results were analyzed by linear regression and are shown in Table 2. The β

coefficient of the IOP was 0.045 (95% confidence interval, 0.033–0.058, p < 0.001), 0.039 (95%
confidence interval, 0.026–0.053, p < 0.001), and 0.040 (95% confidence interval, 0.027–0.053,
p < 0.001) in Models 1, 2, and 3, respectively. We further divided the participants into two
groups by gender, and there was still a significant association between serum total calcium
levels and IOP.

Table 2. Association between serum total calcium and the intraocular pressure.

Variable Model a 1
β (95% CI) p Value Model a 2

β (95% CI) p Value Model a 3
β (95% CI) p Value

Total 0.045 (0.033–0.058) <0.001 0.039 (0.026–0.053) <0.001 0.040 (0.027–0.053) <0.001
Male 0.037 (0.020–0.055) <0.001 0.024 (0.007–0.042) 0.007 0.025 (0.007–0.043) 0.006

Female 0.051 (0.032–0.070) <0.001 0.049 (0.030–0.069) <0.001 0.050 (0.030–0.069) <0.001
a Adjusted covariates: Model 1 = unadjusted; Model 2 = Model 1 + age, gender, percentage body fat, total cholesterol, uric acid, aspartate
aminotransferase, creatinine, highly sensitive C-reactive protein and thyroid-stimulating hormone; Model 3 = Model 2 + smoking and
drinking. Abbreviations: CI, confidence interval.
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As shown in Table 3, serum total calcium levels were divided into tertiles to investigate
the association with IOP. Positive associations were found between serum total calcium
levels and IOP regardless of gender. In the male group, participants in the highest tertiles
of serum total calcium levels had significantly higher IOP with a β coefficient of 0.022 (95%
confidence interval, 0.005–0.039, p < 0.010) in Model 3 and in the female group, participants
in the highest tertiles of serum total calcium levels also had significantly higher IOP with a
β coefficient of 0.046 (95% confidence interval, 0.025–0.067, p < 0.001) in the same model.

Table 3. Association between tertiles of serum total calcium and intraocular pressure.

Variables Tertiles Model a 1
β (95% CI) p Value Model a 2

β (95% CI) p Value Model a 3
β (95% CI) p Value

Total
T2 b vs. T1 b 0.023 (0.011–0.036) <0.001 0.023 (0.010–0.035) <0.001 0.023 (0.011–0.035) <0.001
T3 b vs. T1 b 0.039 (0.026–0.052) <0.001 0.035 (0.022–0.048) <0.001 0.035 (0.022–0.048) <0.001

Male
T2 b vs. T1 b 0.021 (0.005–0.038) 0.012 0.020 (0.004–0.037) 0.016 0.021 (0.004–0.037) 0.013
T3 b vs. T1 b 0.031 (0.014–0.047) <0.001 0.022 (0.005–0.038) 0.012 0.022 (0.005–0.039) 0.010

Female
T2 b vs. T1 b 0.024 (0.006–0.043) 0.011 0.023 (0.004–0.042) 0.017 0.024 (0.004–0.043) 0.016
T3 b vs. T1 b 0.048 (0.028–0.067) <0.001 0.046 (0.025–0.066) <0.001 0.046 (0.025–0.067) <0.001

a Adjusted covariates: Model 1 = unadjusted; Model 2 = Model 1 + age, gender, percentage body fat, total cholesterol, uric acid, aspartate
aminotransferase, creatinine, highly sensitive C-reactive protein, and thyroid-stimulating hormone; Model 3 = Model 2 + smoking and
drinking. b Total calcium level: T1: 5–9.1 mg/dL, T2: 9.1–9.4 mg/dL, T3: 9.4–12 mg/dL.

We also performed the logistic regression to examine the association between
different serum total calcium tertiles and high IOP and the result is demonstrated in
Table 4. In the female population, the risk of high IOP was significantly associated
with the higher tertiles of serum total calcium levels in Model 1 (odds ratio = 1.599,
95% confidence interval = 1.171–2.184, p = 0.003), Model 2 (odds ratio = 1.522, 95%
confidence interval = 1.105–2.097, p = 0.010), and Model 3 (odds ratio = 1.539, 95%
confidence interval = 1.116–2.122, p = 0.008). However, the odds ratios between serum
total calcium and high IOP were not significant in the male group. Figure 2 summarizes
the optimal cut-off value of serum total calcium by using ROC analysis. The AUROC
value was 0.538 (95% confidence interval = 0.515–0.561) in the male group and 0.563 (95%
confidence interval = 0.538–0.588) in the female group. The odds ratios for developing
high IOP (>18 mmHg) in different models are showed in Table 5. The optimal cut-off
value of serum total calcium level was 9.35 mg/dL in the male group by using maximal
Youden’s index with sensitivity and specificity (50.4/56.5%). Likewise, the optimal
cut-off value of serum total calcium level was 9.05 mg/dL in the female group with
sensitivity and specificity (76.8/33.0%). We found the significant occurrence of high IOP
in the cut-off value in the female group. In contrast, there was no significant difference
in the cut-off value in the male group.

Table 4. Gender difference in association between serum total calcium tertiles and the presence of high IOP.

Variables Tertiles Model a 1 Odds
Ratio (95% CI) p Value

Model a 2
Odds Ratio (95%

CI)
p Value Model a 3 Odds

Ratio (95% CI) p Value

Female
T2 b vs. T1 b 1.379 (1.013–1.877) 0.041 1.310 (0.958–1.792) 0.091 1.323 (0.967–1.810) 0.080
T3 b vs. T1 b 1.599 (1.171–2.184) <0.003 1.522 (1.105–2.097) 0.010 1.539 (1.116–2.122) 0.008

Male
T2 b vs. T1 b 1.232 (0.950–1.598) 0.116 1.192 (0.916–1.550) 0.191 1.208 (0.928–1.572) 0.160
T3 b vs. T1 b 1.207 (0.931–1.566) 0.155 1.038 (0.792–1.360) 0.787 1.046 (0.799–1.371) 0.742

a Adjusted covariates: Model 1 = unadjusted; Model 2 = Model 1 + age, gender, percentage body fat, total cholesterol, uric acid, aspartate
aminotransferase, creatinine, highly sensitive C-reactive protein, and thyroid-stimulating hormone; Model 3 = Model 2 + smoking and
drinking. b Total calcium level: T1: 5–9.1 mg/dL, T2: 9.1–9.4 mg/dL, T3: 9.4–12 mg/dL.
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Table 5. Gender difference in association between cut-off points of serum total calcium and the presence of high IOP.

Variables Male Female

Cut-off value of serum total calcium (mg/dL) 9.35 9.05

High IOP(>18 mmHg)

Model a 1
Odds Ratio (95% CI)

p Value

1.258
(1.015–1.559)

0.036

1.764
(1.316–2.366)

<0.001
Model a 2

Odds Ratio (95% CI)
p Value

1.129
(0.904–1.409)

0.285

1.689
(1.254–2.275)

0.001
Model a 3

Odds Ratio (95% CI)
p Value

1.136
(0.910–1.418)

0.261

1.704
(1.264–2.297)

<0.001
a Adjusted covariates: Model 1 = unadjusted; Model 2 = Model 1 + age, gender, percentage body fat, total cholesterol, uric acid, aspartate
aminotransferase, creatinine, highly sensitive C-reactive protein, and thyroid-stimulating hormone; Model 3 = Model 2 + smoking
and drinking.

4. Discussion

In the current study, we observed an association between serum total calcium and
IOP. Regardless of gender, participants with higher serum total calcium levels were asso-
ciated with higher IOP. Furthermore, in the female population, the risk of high IOP was
significantly associated with the higher tertiles of serum total calcium levels. To our best
knowledge, our study is the first cross-sectional and retrospective study to evaluate the
association between serum total calcium and IOP in an Asian population.

Several lines of evidence suggest that calcium ion is a major cation that triggers a series
of cascades and causes an impairment of conventional pathway outflow [9,24]. A study
demonstrated that TRPV4 channels serve as important components of the mechanosen-
sitive, calcium ion-initiated pathway within the TM and cause ECM remodeling, which
regulates TM stiffness [10]. Furthermore, a study identified a new gene, Cacna2d1, which
encodes the voltage-dependent calcium channel complex in the trabecular meshwork and
ciliary body, and modulates the IOP [25]. However, these studies were all conducted in
in vitro, not in vivo models. On the other hand, our study found positive associations
between serum total calcium levels and IOP in an Asian population. This is the first study
to demonstrate that serum total calcium could play a critical role in IOP modulation
in humans.
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Although the possible mechanism of serum total calcium and IOP is unclear, recently,
more and more studies have discovered serum total calcium to have some effects on
cardiometabolic diseases [11–13]. Disturbance of calcium homeostasis leads to insulin resis-
tance and vascular resistance, which are the crucial factors in cardiometabolic diseases [11].
Previous studies also showed cardiometabolic diseases were associated with IOP [2–5].
Therefore, we propose that the possible mechanism of the association between serum total
calcium and IOP may be insulin resistance, or other mechanisms that can cause insulin
resistance [11].

IOP can be influenced by many systemic conditions, including blood pressure [26,27],
fasting glucose [28], atherosclerotic diseases [26], chronic kidney disease [29], and thyroid
hormone [21]. In addition, previous studies also discovered a gender difference of IOP in
various populations [15–18]. In our study, the risk of high IOP was significantly associated
with the higher tertiles of serum total calcium levels in the female population. The possible
reasons for a gender difference might be related to the percentage body fat. Table 1 shows
that the percentage body fat is significantly higher in women than in men (p value < 0.001).
Published papers also revealed a positive correlation between IOP and obesity [5,30]. The
plausible underlying mechanisms have been explained in many studies [31,32]. Excess
intraorbital fat tissue can cause episcleral venous pressure increases and ultimately, outflow
capability decreases. Furthermore, blood viscosity increases due to obesity and contributes
to resistance in episcleral veins. We proposed that the percentage body fat may be a
confounding factor regarding the relationship between IOP and serum total calcium levels.
Hence, we used three different models to calibrate and reduce the bias. However, the
influence of obesity on IOP is far beyond our imagination, and the hormone influence can
be considered, so in Tables 4 and 5 the significant association between developing high IOP
and serum total calcium levels was only found in women.

Nevertheless, this study has some limitations in spite of our caution. First, this study
employed a cross-sectional design that could not reveal causality. Longitudinal analysis
is required for future specialists to explore the association between IOP and total calcium
levels. Second, the IOP of both eyes was measured only once, and we used the mean IOP of
both eyes for analysis. Fluctuations in IOP were ignored in our study, and the mean value
of IOP may not reflect the real situation. Third, the study population was recruited from
a single center and more large-scale studies from multiple centers should be considered.
Fourth, the central corneal thickness (CCT) could influence the IOP measurement reported
by many studies [33,34] and this could have caused the IOP measurement bias. However,
according to the Singapore Malay Eye Study, Aung et al. discovered age, weight, BMI,
presence of diabetes, HbA1C levels, serum glucose levels, metabolic syndrome, and CKD
were significantly associated with CCT [35]. In our study, we excluded systemic and
ocular diseases (hypertension, diabetes, chronic kidney disease, coronary atherosclerosis,
obesity, ocular hypertension, ectatic dystrophies, contact-lens-related complications, and
any intraocular surgery) to reduce the influence of CCT on the IOP. Lastly, because the
participants’ diseases were obtained from self-report histories, we could not exclude the
possibility of participants’ recall bias.

5. Conclusions

Our study highlights that IOP was significantly associated with serum total calcium
levels in a large Asian population. Notably, we also found that a serum total calcium
level above 9.05 mg/dL was an important risk factor to predict the high IOP in the female
group. Although the exact pathophysiological mechanism underlying the association
between serum total calcium and IOP is still not clear, our study provides evidence for
future researchers to evaluate it in longitudinal and multi-center trials.
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