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Introduction: There are no available data concerning corneal parameters in patients with chronic ocular hypotony. Our purpose is to
provide evidence and clinical correlation on the biomechanical corneal changes in chronic hypotonic eyes.

Patients and Methods: A single-center, transversal, self-controlled case series study was conducted involving patients with at least one
chronic hypotonic eye (defined as an intraocular pressure <6.5 mmHg measured on three separate occasions for at least three months). The
chronic hypotonic eye was the case and the contralateral eye the control (non-hypotonic eye). We collected data from baseline characteristic
and intraocular pressure (mmHg). Biomechanical corneal parameters measured by Corvis ST: deformation amplitude ratio (mm),
Ambrosio’s relational thickness (um), stiffness parameter at first applanation (mmHg/mm), Integrated radius (mm "), stress-strain index,
pachymetry (um), and in addition macular folds were recorded as well. A descriptive and exploratory analysis was performed.

Results: Between November 2021 and July 2023, a total of 16 consecutive patients (7 men, 9 women; age [median (range)]: 72
(62-84)), diagnosed with chronic ocular hypotony in one eye were included: 16 chronic hypotonic eyes and 16 non-hypotonic eyes.
Hypotonic versus non-hypotonic eyes [median (range)]: intraocular pressure: 4 (2—-6) mmHg, 16 (8-38) mmHg; deformation amplitude
ratio: 5.6 (4.3-6.6) mm, 4.7 (3.9-5.5) mm, p-value= 0.002; Ambrodsio’s relational thickness: 482 (263-932) um, 530 (210-818) pm,
p-value: 0.845; stiffness parameter at first applanation: 61.5 (39-100) mmHg/mm, 113 (68—130) mmHg/mm, p-value: <0.001; Integrated
radius: 10.9 mm ™' (6.3-16.8), 7.9 mm ' (6.4-10.5), p-value: <0.001; stress-strain index: 0.7 (—0.2—4.9), 1.1 (=2.7-5.6), p-value: 0.034;
pachymetry 509 (456-617) um, 512 (436—775) um, p-value: 0.637; and macular folds: 7/16, 0/16, p-value: <0.001.

Conclusions: Chronic hypotonic eyes (eyes with a low intraocular pressure) present biomechanical corneal changes with respect to
non-hypotonic eyes, mainly in deformation amplitude ratio, stiffness parameter at first applanation, stress-strain index and Ambrdsio’s
relational thickness parameters. These biomechanical corneal changes could reflect softer, more elastic and deformable scleras, which
at its turn can bear higher risk of hypotony maculopathy.
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Introduction

Ocular hypotony is a condition characterized by a low intraocular pressure (IOP)." The cause of ocular hypotony can be diverse,
including ocular surgery, ocular trauma, and uveitis'? Likewise, although infrequent, it is a common complication after
antimetabolites use in glaucoma filtering surgery.'” Ocular hypotony can lead to vision loss due to hypotony maculopathy

and choroidal detachment.? Ocular hypotony condition is sometimes difficult to revert, posing a medical challenge.?
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Classically, the dynamics of aqueous humour (AH) have been used to explain hypotony as a result of AH production
and drainage imbalance."* However, IOP is not only determined by AH inflow and outflow. It has also been associated
with other factors such as corneal biomechanical properties. In fact, growing interest in corneal biomechanics and their
relationship with glaucoma has arisen recently.” '* Several studies have demonstrated that stiffer corneas are both

13:14 and open-angle glaucoma.’ Nonetheless, to the best of our knowledge,

associated with faster glaucoma progression,
there are no available scientific manuscripts concerning the corneal parameters in patients with chronic ocular hypotony.

Currently, there are two devices commercially available to evaluate corneal biomechanical properties. The first including air-
jetinfrared light technology (Ocular Response Analyzer, ORA; Reichert, Inc., Depew, NY, USA),15 and the second based on air-
puff Scheimpflug imaging system (Corvis Scheimplug Tonometer, Corvis ST, Oculus Optikgerite GmbH, Wetzlar, Germany)’
Corvis ST has the advantage of obtaining a real-time imaging during corneal deformation using a high-speed camera that
gathers 4300 frames per second within a 100-millisecond period, obtaining 140 images of the cornea with a high resolution of
640%480 pixels. High-speed imaging enables detailed analysis of the corneal dynamics during the deformation process and
hence may provide valuable information regarding biomechanical parameters of the cornea and their clinical correlation.”'®!”

Our working hypothesis was that eyes affected by chronic hypotony have biomechanical corneal changes, reflecting
softer, more elastic and deformable scleras and thus increased risk of hypotony maculopathy. Therefore, the aim of this
study was to provide evidence on the biomechanical corneal changes in chronic hypotonic eyes, which can arise new

potential clinical correlations such as a greater need for an aggressive treatment of chronic hypotony.

Patients and Methods

Study Design

This study is a single-center, transversal, retrospective, self-controlled case series study in patients diagnosed with
chronic hypotony. The eye affected by hypotony was the case and the contralateral eye was the control.

The study protocol received Institutional Review Board and Ethics Committee of the Hospital Universitari Germans
Trias i Pujol approval (Reference Number: PI-24-275), and all patients included gave their written informed consent to
participate. The study complied with the updated Declaration of Helsinki, Good Clinical Practice guidelines, and
applicable Spanish and European regulatory requirements. Confidentiality was ensured following the European
Regulation (EU) 2016/679 of the European Parliament and Council, and current Spanish law (LOPD 3/2018). This
manuscript complies with the STROBE statement.

Study Population

Patients diagnosed with chronic ocular hypotony by the glaucoma unit from our Ophthalmology Department were
identified and located by telephone. The study was explained to them. If they decided to participate, they were cited to
sign the informed consent. The starting point of the study was November 2021, when a specific clinical database for
patients treated in the glaucoma unit was created.

We included adult patients (>18 years of age) of either sex, with a diagnosis of chronic hypotonic eye, biomechanical
parameters available in the medical file, and a signed informed consent. The chronic hypotonic eye was the case and the
contralateral eye the control (non-hypotonic eye). The following data was gathered: age at chronic hypotonic eye
diagnosis, affected eye (right, left), cause of hypotony, sex, clinical background (hypertension, dyslipidemia, diabetes,
and antecedent of heart attack. Both from hypotonic and non-hypotonic eyes IOP (mmHg) and biomechanical corneal
parameters were also recorded.

Chronic Hypotonic Eye
Chronic hypotonic eye was defined as an IOP <6.5 mmHg measured on three separate occasions for at least three
months.'® The IOP was obtained using Haag-Streit Goldmann tonometer (Model AT 900; Haag-Streit, Bern,
Switzerland) and expressed in mmHg.

Non-hypotonic eye was defined as eye without a diagnosis of chronic hypotony, but this one could have been
diagnosed with glaucoma or ocular hypertension.
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Table 1 Summary of Biomechanical Corneal (Corvis ST) Parameters

Parameters | Definition Clinical Application

DA The amount of corneal displacement at highest degree of Higher values indicate a more deformable cornea.?®?'
concavity.

ARTh The result of dividing the thinnest corneal thickness Lower values indicate a more deformable cornea.?

through the pachymetric progression index.'”

SPAI The ratio of loading on the cornea over its displacement at | Lower values indicate a more deformable cornea® and higher
the first applanation.® values a stiffer cornea.'**

IR Radius of curvature during the concave state of the Higher values indicate a more deformable cornea.>?
cornea.>'”

SSI Stiffness parameter at highest concavity, independent of IOP | Represents material stiffness of the cornea, representing higher
and pachymetry.?° values a stiffer and less deformable cornea.>'?

Pachymetry | Central corneal thickness.

Abbreviations: SPAI, stiffness parameter at first applanation; ARTh, Ambrésio’s relational thickness; IR, integrated radius; DA, deformation amplitude ratio; SSI, stress
strain index.

Biomechanical Corneal Parameters
According to our clinical practice, the biomechanical corneal parameters are assessed using the Corvis ST device (Oculus
Optikgerate GmbH, Wetzlar, Germany) after diagnosing a chronic hypotony eye.

The following six biomechanical corneal parameters, measured with Corvis ST, were gathered: i) Deformation amplitude
ratio (DA) (mm), ii) Ambrosio’s relational thickness (ARTh) (um), iii) Stiffness parameter at first applanation (SPA1)
(mmHg/mm), iv) Integrated radius (IR) (mm™"), v) Stress-strain index (SSI) (no units apply due to its nature, the result of
a mathematical algorithm in which different parameters of corneal biomechanics and IOP are analyzed),' and vi)
Pachymetry (um). Table 1 gathers the definition and the clinical application of these biomechanical corneal parameters.

In addition, macular folds were also measured. Macular folds were diagnosed on clinical grounds and then a macular
scan was recorded by optical coherence tomography (OCT) scans (Cirrus HD-OCT, Carl Zeiss Meditec, Dublin, CA).
The presence of macular folds was recorded as a dichotomous variable.

Statistical Analysis
Given the exploratory nature of this study, no formal sample size calculation was conducted.

Categoric variables were expressed as absolute and relative frequencies. The clinical outcome assessments (quanti-
tative variables) were expressed as medians and ranges or as means and standard deviations (SD), as applicable.
A descriptive and exploratory analysis was performed. The distribution normality of measurements was assessed using
the Shapiro-Wilk test. The Wilcoxon signed rank test was used to compare hypotonic and non-hypotonic eyes values of
non-parametric variables (IOP, SPA1, SSI and pachymetry). The hypotonic and non-hypotonic eyes mean values of the
parametric variables (DA, ARTh and IR) were compared using the paired Student #-test. The statistical significance level
was set at p-value < 0.05. Data analysis was performed using Jamovi software version 2.1 (https://www.jamovi.org).

Data Availability Statement. The datasets generated during and/or analysed during the current study are available
from the corresponding author on reasonable request.

Results

Baseline Characteristics

Between November 2021 and July 2023, a total of 16 consecutive patients —median (range) 72 (62—84) years of age, 9
(56.3%) females and 7 (43.8%) males— were diagnosed of chronic ocular hypotony of one eye. All these patients were
included in the study.
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Table 2 Glaucoma Treatment Received in Chronic Hypotony Eyes and Non-Hypotonic Eyes

Parameters Chronic Hypotony Eyes n:16 | Non-hypotonic Eyes n:16
Trabeculectomy [n (%)] 3(18.8) I (6.3)

Non perforating deep sclerectomy [n (%)] Il (68.75) 5@31.3)

Ahmed valve [n (%)] I (6.3) I (6.3)

Selective laser trabeculoplasty [n (%)] 1 (6.3) 1 (6.3)
Antihypertensive eye drops [n (%)] 0 2 (12.5)

Eyes without glaucoma and without treatment [n (%)] 0 6

Five patients had no past medical history recorded (31,1%). Five patients (31,1%) presented hypertension and
dyslipidaemia, 2 patients (12.5%) had a history of arterial hypertension and myocardial infarction, 1 case had hyperten-
sion, diabetes and dyslipidaemia, 1 case had diabetes and renal chronic disease, 1 case had folic acid deficiency and the
last case had only a history of renal lithiasis.

Table 2 shows the causes of ocular hypotony. The most prevalence cause occurred after a non-perforating deep
sclerectomy in 11 (68.75%) patients.

Biomechanical Corneal Parameters Outcomes
The median (range) of IOP was 4 (2—6) mmHg in chronic hypotonic eyes and 16 (8—38) mmHg in non-hypotonic eyes
(p-value < 0,001***),

Biomechanical corneal parameters were available for 16 chronic hypotonic eyes and 16 non-hypotonic eyes. Table 3
presents the Biomechanical corneal parameters outcomes evaluated by Corvis ST and Figure 1 depicts the box plot for
these results. The outcomes in IR and DA were higher and statistically significant in chronic hypotonic eyes compared to
non-hypotonic eyes. SPA1 and SSI outcomes were lower and statistically significant in chronic hypotonic eyes compared
to non-hypotonic eyes.

Table 3 Biomechanical Corneal (Corvis ST) Parameters Outcomes

Parameters Chronic Hypotony Eyes n:16 | Non-hypotonic Eyes n:16 | p-value
DA (mm) Median (range) 5.6 (4.3-6.6) 4.7 (3.9-5.5)

Mean (SD) 5.6 (0.7) 4.7 (0.5) 0.002
ARTh (pm) Median (range) 482 (263-932) 530 (210-818)

Mean (SD) 558 (203) 545 (193) 0.845
SPAl (mmHg/mm) | Median (range) 61.5 (39-100) 113 (68-130)

Mean (SD) 63.2 (18.5) 111 (15.0) <0.001
IR (mm™') Median (range) 10.9 (6.3-16.8) 7.9 (6.4-10.5)

Mean (SD) 10.8 (2.22) 8.2 (1.15) <0.001
SSI Median (range) 0.7 (-0.2-4.9) I.1 (-2.7-5.6)

Mean (SD) 1.01 (1.2) 1.1 (1.55) 0.034
Pachymetry (pm) Median (range) 509 (456-617) 512 (436-775)

Mean (SD) 526 (52.7) 541 (78.1) 0.637

Abbreviations: ARTh, Ambrosio’s relational thickness; DA, deformation amplitude ratio; IR, integrated radius; SPAI, stiffness parameter at
first applanation; SSI, stress strain index.
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Figure | Box plot representing the results of Corvis ST parameters in eyes with and without chronic hypotony.
Abbreviations: DA, deformation amplitude ratio; ARTh, Ambrésio’s relational thickness; SPAI, stiffness parameter at first applanation; IR, integrated radius; SfSl, stress

strain index.

Table 4 compares the Biomechanical corneal parameters outcomes of chronic hypotony eyes with non-hypotonic eyes
without glaucoma, being altered the same parameters previously described from Table 3.

Table 5 compares the Biomechanical corneal parameters outcomes of chronic hypotony eyes with non-hypotonic eyes
with glaucoma. The outcomes in IR and DA were higher and statistically significant in chronic hypotonic eyes compared
to non-hypotonic eyes with glaucoma. SPA1 outcome was lower and statistically significant in chronic hypotonic eyes
compared to non-hypotonic eyes with glaucoma.

Macular folds were detected in 7 out of 16 (43.8%) chronic hypotonic eyes. Hence, 7 eyes were diagnosed as clinical
hypotony. In these 7 eyes, 6 occurred in eyes that underwent deep sclerectomy, while 1 was associated with an Ahmed
valve. The IOP [median (range)] in the 7 chronic hypotonic eyes with macular folds (clinical hypotony) was 5 (2—6)
mmHg, and 4 (2-6) mmHg in the 9 chronic hypotonic eyes without macular folds (p-value=0.447). No macular folds
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Table 4 Biomechanical Corneal (Corvis ST) Parameters Outcomes

Parameters Chronic Hypotony Eyes n:6 | Non-hypotonic Eyes without Glaucoma n:6 | p-value
DA (mm) Median (range) 5.4 (4.3-5.8) 4.3 (3.9-5.3)

Mean (SD) 5.23 (0.55) 4.43 (0.528) 0.036
ARTh (pm) Median (range) 686 (263-932) 607 (221-782)

Mean (SD) 647 (257) 572 (224) 0.31
SPA| (mmHg/mm) | Median (range) 60.4 (44-81) 112 (89-116)

Mean (SD) 62 (15.9) 108 (9.93) 0.005
IR (mm™) Median (range) Il (9.5-11.5) 7.75 (7.1-10.5)

Mean (SD) 10.8 (0.698) 8.13 (1.23) 0.004
SSI Median (range) 0.6 (0.4-0.8) 1.15 (0.94-1.5)

Mean (SD) 0.602 (0.156) 1.21 (0.208) 0.005
Pachymetry (um) Median (range) 516 (456-606) 534 (436-775)

Mean (SD) 527 (61.8) 561 (120) 0.699

Abbreviations: ARTh, Ambrésio’s relational thickness; DA, deformation amplitude ratio; IR, integrated radius; SPAI, stiffness parameter at first applanation; SSI,

stress strain index.

Table 5 Biomechanical Corneal (Corvis ST) Parameters Outcomes

Parameters Chronic Hypotony Eyes n:10 | Non-hypotonic Eyes with Glaucoma n:10 | p-value
DA (mm) Median (range) 5.8 (4.6-6.6) 4.85 (4.3-5.5)

Mean (SD) 5.59 (0.75) 4.92 (0.46) 0.034
ARTh (um) Median (range) 447 (319-780) 530 (210-818)

Mean (SD) 505 (152) 528 (182) 0.57
SPA| (mmHg/mm) | Median (range) 61.5 (39-100) 116 (68-130)

Mean (SD) 64 (20.8) 112 (17.8) <0.001
IR (mm™') Median (range) 10.2 (6.3-16.8) 8.2 (6.4-10.5)

Mean (SD) 10.7 (2.82) 8.23 (1.17) 0.021
SSI Median (range) 0.75 (—0.2-4.9) 0.95 (—2.7-5.6)

Mean (SD) 1.26 (1.48) 1.03 (1.99) 0.545
Pachymetry (pm) Median (range) 509 (480-617) 512 (485-605)

Mean (SD) 525 (50) 529 (41.8) 0.82

Abbreviations: ARTh, Ambrésio’s relational thickness; DA, deformation amplitude ratio; IR, integrated radius; SPAI, stiffness parameter at first applanation; SSI,
stress strain index.

were detected in non-hypotonic eyes. Table 6 shows the biomechanical corneal parameters outcomes evaluated by Corvis
ST in clinical hypotonic eyes (with macular folds) and in nonclinical hypotonic eyes (without macular folds) (Figure 2).

Discussion
To the best of our knowledge, our study is the first one to provide results on altered biomechanical corneal parameters in
eyes diagnosed with chronic hypotonia (eyes with a low intraocular pressure during at least three months). As we
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Table 6 Biomechanical Corneal (Corvis ST) Parameters Outcomes in Eyes With and Without Clinical

Hypotony

Parameters Clinical Hypotony n:7 | Nonclinical Hypotony n:9 | p-value
IOP (mmHg) Median (range) 5 (2-6) 4 (2-6)

Mean (SD) 4.67 (0.67) 4.00 (0.53) 0.447
DA (mm) Median (range) 5.35 (4.6-9.5) 5.65 (4.3-6.6)

Mean (SD) 5.9 (0.8) 5.5 (0.3) 0.906
ARTh (um) Median (range) 463 (319-770) 633 (263-932)

Mean (SD) 494 (62.7) 623 (87.3) 0.345
SPA|l (mmHg/mm) | Median (range) 61.5 (46—100) 57.9 (39-81)

Mean (SD) 68.5 (9.8) 59.5 (5.8) 0.651
IR (mm™') Median (range) 10.6 (8.1-16.8) 10.9 (6.3-12.4)

Mean (SD) 1.3 (1.25) 10.3 (0.6) 0.897
SSi Median (range) 0.85 (—0.2-4.9) 0.7 (0.5-1.2)

Mean (SD) 1.6 (0.8) 0.7 (0.7) 0.437
Pachymetry (pm) Median (range) 529 (481-617) 492 (456-606)

Mean (SD) 543 (24.0) 513 (19.1) 0.196

Abbreviations: ARTh, Ambrosio’s relational thickness; DA, deformation amplitude ratio; IOP, intraocular pression; IR, integrated
radius; SPAI, stiffness parameter at first applanation; SSI, stress strain index.

suspected, chronic hypotonic eyes presented biomechanical corneal changes compared to eyes without chronic hypoto-
nia. What we were not able to demonstrate was whether the biomechanical corneal changes observed in hypotonic eyes
can predict increased risk of clinical manifestations such as hypotony maculopathy, which happens because of an
increase in softness, elasticity and deformability of their scleras.

Patients with chronic ocular hypotony had a lower SPA1 and SSI, higher DA and IR values, indicating more
deformable corneas and, therefore, less stiff corneas. These results are in accordance with results reported by other
authors.>'*2° Myopic eyes with a lower IOP presented a higher DA and less corneal stiffness, that is to say, a negative
correlation between IOP and DA values.?! Moreover, based on Corvis parameters (parameters used in our study), eyes
with primary open-angle glaucoma and lower IOP had softer corneas.?? In light of the above, corneal stiffness reduction
seems to be a consequence of IOP lowering. This has been found in a prospective cohort including patients with different
types of glaucoma in which a decrease in corneal stiffness was observed after IOP reduction.”

In animal models, Liu at al. showed that an increase in corneal stiffness was related with raised IOP due to reduced
corneal compliance, which means a limitation of corneal capacity to accommodate sudden increases in intraocular
volume, according to Hooke’s law.'® In human studies, stiffer corneas also correlate with greater increases in IOP after
small volume variations. This has been investigated in patients receiving intravitreal injections of 0.05 mL bevacizumab
for retinal disease, where those patients with a stiffer baseline cornea presented greater increases in post-injection IOP.?*
These findings suggest that corneal stiffness is not only influenced by significant changes in IOP,* but that variations in
corneal biomechanical properties could temporarily affect IOP as well. Although Qassim et al found consistent evidence
that stiffer corneas were associated with more rapid loss of retinal nerve fibers, it is yet to be further studied how do
altered biomechanical properties of the cornea affect in IOP or glaucoma progression.'* To date, the only known factor
affecting actual IOP remains aqueous humour production.

21,25

As we know, corneal stroma is a continuum of sclera and it has been suggested that corneal biomechanics reflect

biomechanical properties of the posterior sclera.” Macular folds are believed to be the result of scleral wall collapse under
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Figure 2 Box plot representing the results of Corvis ST parameters in eyes with chronic hypotony, comparing eyes with clinical and nonclinical hypotony.
Abbreviations: DA, deformation amplitude ratio; ARTh, Ambrésio’s relational thickness; SPAI, stiffness parameter at first applanation; IR, integrated radius; SSI, stress
strain index.

hypotonic conditions.?® A softer scleral wall could predispose to macular folds, and changes in corneal biomechanics can
reflex scleral rigidity.'>*' Therefore, it would be very interesting to determine whether any corneal biomechanical
parameters are altered in patients with macular folds in hypotonic eyes. These parameters could be predictive factors for
macular folds development in eyes with hypotony, bringing us the possibility of selecting patients with statistical
hypotonia and performing a more aggressive treatment with the purpose of preventing macular folds. It would help us
identifying candidates for a more conservative approach such as a “wait and see”. Our results suggest a higher value of
SSI in patients with macular folds compared to statistical hypotonia eyes, but no statistical significance was achieved, this
could be explained by an insufficient sample size and open new horizons for further research.

This study may have some limitations. The study design and the small sample size could overestimate or under-
estimate the results found. Likewise, the different treatments used previously in case of chronic hypotonic eyes or non-
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hypotonic eyes could also influence the results. Another limitation is that the control group (non-hypotonic eyes) includes
both patients diagnosed with glaucoma (n = 10) and patients without glaucoma (n = 6). It has been discovered that
glaucoma eyes have altered biomechanical properties?’ and thus may act as a confounder variable. Also, different types
of glaucoma may change the pattern of altered biomechanical properties.”” We have tried to provide evidence on this
issue on Table 4 and Table 5 which shows the results by “non-hypotonic eyes and glaucoma” (n = 10) and “non-
hypotonic eyes without glaucoma” (n = 6). Also, the range measurement of IOP of the Corvis ST device is 6-60 mmHg
and thus biomechanical parameters that include IOP in their calculation (SPA1) may include systematic error in eyes with
IOP lower than 6. The lack of consensus on which parameters are ideal for studying the biomechanical properties of the
cornea, and the lack of normal ranges for these parameters or which are the ranges for defining hypotony, pose as
a limitation and arises new objectives for future research. The cross-sectional design prevents us from knowing whether
the altered parameters are simply the consequence of hypotonia or are also part of the cause of hypotonia or from
predisposed eyes with inherently softer corneas. A single-center study could also be a drawback for generalizing the
results found.

Conclusions

Chronic hypotonic eyes (eyes with a low intraocular pressure) present biomechanical corneal changes in comparison with
non-hypotonic eyes. The altered parameters were deformation amplitude ratio, stiffness parameter at first applanation,
stress-strain index and Ambrosio’s relational thickness parameters. These changes in corneal biomechanics in chronic
hypotony could reflect softer, more elastic and deformable scleras and thus higher risk for macular folds. Further research
is needed in order to understand better the clinical implications of altered biomechanical corneal parameters and help
improving ocular hypotonia management as well.

Abbreviations

AH, aqueous humour; ARTh, Ambrosio’s relational thickness; DA, deformation amplitude ratio; IOP, intraocular
pression; IR, integrated radius; OCT, optical coherence tomography; SD, standard deviation; SPA1, stiffness parameter
at first applanation; SSI, stress strain index.
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