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Preface to ”The Challenges and Therapeutic Prospects
in Eye Disease”

A number of key insights in relation to eye disease have been revealed in the recent decade,

which has resulted in the development of novel effective targeted therapies, such as teprotumumab

for the treatment of thyroid eye disease (also known as Graves’ orbitopathy) and intraocular injections

of anti-vascular endothelial growth factor (VEGF) agents for many retinal diseases. This Special Issue

aims to update the current evidence and challenging topics on the diagnosis and management of

ocular diseases.
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A number of key insights into eye disease have been revealed in the past decade,
which has resulted in the development of novel, effective, targeted therapies such as tepro-
tumumab for the treatment of thyroid eye disease (also known as Graves’ orbitopathy) [1]
and intraocular injections of antivascular endothelial growth factor (VEGF) agents for
many retinal diseases [2]. This Special Issue aims to update the current evidence regarding
challenging topics on the diagnosis and management of ocular diseases. We collected ten
original research articles and two literature reviews on recent efforts made toward the
discovery of novel findings in different ocular research areas, including orbital, lacrimal,
and eyelid disease; glaucoma; retinal disease; myopia; and corneal disease.

Orbital, lacrimal, and eyelid disease
IgG4-related diseases (IgG4-RDs) are an emerging fibro-inflammatory condition that

can be characterized by affected organ enlargement, infiltration of lymphocytes and IgG4-
positive plasma cells in various tissues and organs, and serum IgG4 level elevation [3].
Serial changes in serum IgG4 levels is a useful adjunct diagnostic method in the assessment
of disease activity in patients with IgG4-ROD [4]. Chou et al. further investigated the
relationship between the long-term changes in serum IgG4 levels and the clinical course
of patients with IgG4-ROD [5]. They found 64% patients with IgG4-ROD had persistently
high serum IgG4 levels during long-term follow-up. Importantly, their study disclosed 40%
of patients with IgG4-ROD remained in remission despite persistently elevated serum IgG4
levels. Chou et al. suggest these patients can be followed-up without treatment unless
disease relapse occurs [5].

Hydrogel scleral buckles were first introduced in the 1980s as an alternative to silicone
buckles for the treatment of rhegmatogenous retinal detachment. Hydrogel scleral buckles
may absorb tissue fluids and progressively expand over the decades, causing compression
of the eyeball, and are commonly misdiagnosed as orbital tumors [6]. The removal of
swelling hydrogel scleral buckles is challenging due to their fragile characteristics and
fibrotic adhesion to the surrounding ocular tissues. Yang et al. introduced a small excision
surgical technique to meticulously remove swelling hydrogel scleral buckles to avoid the
risk of severe complications associated with manipulations [7].

Graves’ orbitopathy (GO), an increase in orbital fat and/or muscle tissue due to
autoimmune inflammation, can cause proptosis, double vision, and/or dysthyroid optic
neuropathy (DON). Steiert et al. examined visual parameters dependent on the orbital
muscle volume fraction in a surgically treated GO cohort and suggested that the orbital
muscle volume factor should be addressed during treatment decisions, while early orbital
decompression should be considered particularly in decreased vision with orbital muscle
enlargement [8]. In a way that is different to the traditional staged GO management
order (decompression and then muscle surgery or lid surgery), Hsieh et al. suggested
that orbital decompression combined with strabismus surgery by experienced surgeons
can achieve satisfactory outcomes in selected patients, especially for those with symmetry
of orbitopathy, relatively simple strabismus and mild proptosis [9]. Choi et al. further
supported the use of customized orbital decompression surgery combined with eyelid or
strabismus surgery in mild to moderate GO patients, as it had favorable cosmetic results
comparable to those achieved through stepwise techniques [10].
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Balloon dacryocystoplasty is a minimally invasive procedure that can achieve lacrimal
system patency and is usually performed mainly in cases of congenital nasolacrimal duct
obstruction with failed probing [11]. It is known to be more effective than probing alone in
older children after 18 months of age with congenital nasolacrimal duct obstruction [12].
It may also be used for the treatment of adult patients with partial nasolacrimal duct
obstruction, especially in those who are poor candidates for dacryocystorhinostomy or
general anesthesia [13]. Lai et al. found that balloon dacryocystoplasty (DCP) with pushed
monocanalicular intubation in adults aged under 65 with complete primary acquired
nasolacrimal duct obstruction can achieve a higher success rate than those who underwent
balloon dacryocystoplasty alone [14].

Blepharoptosis, the drooping of the upper eyelid, may cause upper visual defects
and affect vision. It is important for general practitioners (nonophthalmic physicians) to
correctly diagnosis blepharoptosis to assist in decision making for referrals and/or advance
work-ups when necessary. Medical artificial intelligence (AI) using machine learning
and deep learning has been adopted by various groups to provide effective solutions
to challenges facing ophthalmologists and healthcare providers worldwide. Hung et al.
developed an AI model with a convolutional neural network (CNN)-based deep learning
method to assist in the diagnosis of blepharoptosis, and they demonstrated that the AI
model showed better performance than the nonophthalmic physician group in identifying
referable blepharoptosis, including true ptosis and pseudoptosis [15].

Glaucoma
Glaucoma is a neurodegenerative disease that affects primarily the retinal ganglion

cells (RGCs). Reductions in IOP, achieved with medication, laser, or surgery, has until
now been considered as the only effective treatment strategy for slowing down or halting
glaucoma progression. However, an even lower IOP does not preclude the possibility
of glaucoma progression, as showed by the Collaborative Normal-Tension Glaucoma
Study [16]. More and more ophthalmic researchers have tried to develop neuroprotective
therapies as a supplement to IOP-lowering treatment. Kuo et al. summarized recent
therapeutic advances in IOP-independent neuroprotection research, and discussed the
feasibility and hurdles of each potential therapeutic mechanism of various agents in neuro-
protection [17]. Nocturnal intraocular pressure (IOP) fluctuations are an important issue
in the management of glaucoma. Huang et al. attempted to use a contact lens sensor to
monitor the IOP circadian fluctuation change after ripasudil eye drop administration [18].
Although the value of each parameter became lower after the use of ripasudil eye drops,
the reduction did not reach statistical significance due to the low baseline IOP in patients
with normal tension glaucoma.

Retina
Age-related macular degeneration (AMD), a degenerative disease of the macula, is the

most prevalent retinal disease in the Western world, and the neovascular form of AMD may
lead to progressive vision loss and cause impairment of the quality of life [19]. Advances
in multimodal imaging techniques, fluorescein angiography, indocyanine angiography,
optical coherence tomography (OCT), and OCT angiography have been developed for
the early diagnosis and follow-up of patients with AMD. Kirkova et al. used OCT-A to
provide prognostic markers and new treatment strategies for AMD depending on the
naïve neovascular membrane morphologic type [20]. Chen et al. further stated that OCT
morphological changes in patients with diabetic macular edema receiving an intravitreal
injection of ranibizumab was correlated with a worse structural and visual outcome; thus,
serous retinal detachment may be an indicator of an earlier stage of diabetic macular edema,
which responds well to the intravitreal injection of ranibizumab [21].

Refractive errors
Increasing studies have revealed that changes in the bioelectrical activity of mastica-

tory and cervical spine muscles may have a primary or secondary effect on the refractive
error. [22–24]. Zieliński et al. further showed refractive errors are related to differences in
masticatory and neck muscle thickness, and the activity and bioelectrical activity within
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the temporalis anterior seems to be associated with ocular length, retinal thickness, and
choroidal thickness in women with myopia [25]. This may support the finding of interde-
pendence between the stomatognathic system and the organ of vision.

Cornea
Photoactivated chromophore corneal collagen cross-linking (PACK-CXL) is widely

known as a minimally invasive therapy for corneal ectasia via stiffening of the cornea tissue
by combining ultraviolet A radiation and riboflavin (vitamin B2) through collagen fiber pho-
topolymerization. [26,27] PACK-CXL has also been proposed to be an emerging application
to treat infectious keratitis. Infectious keratitis is associated with a risk of visual loss and is
one of the leading causes of blindness in developing countries. Infectious keratitis has been
conventionally treated with topical broad-spectrum antibiotics or antifungals. PACK-CXL
offers a potential, less expensive alternative, acting as a primary or adjunctive treatment for
infectious keratitis. Barac et al. carried out a comprehensive review to identify the main
diagnostic and prognostic factors involved in therapeutic indications and contraindications
of PACK-CXL in infectious keratitis [28].

In conclusion, all articles appearing in this Special Issue provide attractive and current
topics that cover a wide range of clinical diagnosis, prognosis, and therapeutic strategies
for various ocular diseases. In the future, more investigations will continue to drive our
progress toward improving the diagnosis and treatments to meet the challenges and future
prospects of eye disease.
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Abstract: Glaucoma is a neurodegenerative disease that affects primarily the retinal ganglion cells
(RGCs). Increased intraocular pressure (IOP) is one of the major risk factors for glaucoma. The
mainstay of current glaucoma therapy is limited to lowering IOP; however, controlling IOP in certain
patients can be futile in slowing disease progression. The understanding of potential biomolecu-
lar processes that occur in glaucomatous degeneration allows for the development of glaucoma
treatments that modulate the death of RGCs. Neuroprotection is the modification of RGCs and the
microenvironment of neurons to promote neuron survival and function. Numerous studies have
revealed effective neuroprotection modalities in animal models of glaucoma; nevertheless, clinical
translation remains a major challenge. In this review, we select the most clinically relevant treatment
strategies, summarize preclinical and clinical data as well as recent therapeutic advances in IOP-
independent neuroprotection research, and discuss the feasibility and hurdles of each therapeutic
approach based on possible pathogenic mechanisms. We also summarize the potential therapeutic
mechanisms of various agents in neuroprotection related to glutamate excitotoxicity.

Keywords: glaucomatous optic neuropathy; glutamate; optic nerve protection

1. Introduction

Glaucoma is one of the leading causes of irreversible blindness worldwide; it is an optic
neuropathy characterized by the progressive loss of the visual field due to the apoptosis of
retinal ganglion cells (RGCs) [1]. It is a multifactorial disease with complex pathogenesis
that is not yet fully understood (Figure 1).

Intraocular pressure (IOP) is one of the most important risk factors for the develop-
ment and progression of glaucoma, and IOP-lowering therapy is widely regarded as the
only effective treatment strategy for slowing down or halting the deterioration of glauco-
matous optic neuropathy. Reductions in IOP can be achieved with medication, laser, or
surgery. Most patients with glaucoma, even after laser or surgical treatment, are treated
with topical ocular hypotensive medications, which work by reducing the production
of aqueous humor or facilitating the trabecular or uveoscleral aqueous outflow. These
anti-glaucoma medications include β-adrenergic antagonists; α2-adrenergic agonists; car-
bonic anhydrase inhibitors; prostaglandin F2a analogs; and, more recently, Rho kinase
inhibitors, latanoprostene bunod, and omidenepag isopropyl. In individuals with normal
tension or high-tension glaucoma, ocular hypotensive medications are useful in delaying
or preventing disease progression [2–4].

Although there are a variety of hypotensive medications and surgical techniques
that can efficiently and effectively lower IOP, IOP reduction is sometimes insufficient to
prevent glaucoma progression. In the Ocular Hypertension Treatment Study, 4.4% of
medicated participants developed glaucoma 5 years after follow-up despite a 22.5% IOP
reduction from an average of 24.9 mmHg to 19.3 mmHg [4]. Disease progression also
occurred in 45% of treated patients who had a 25% IOP reduction from baseline IOP of
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20.6 mmHg in the Early Manifest Glaucoma Trial [3]. Moreover, an even lower IOP does
not preclude the possibility of glaucoma progression, as the Collaborative Normal-Tension
Glaucoma Study revealed that 12% of treated patients experienced disease progression
despite a 30% reduction to an average IOP of 10.6 mmHg during 5.6 years’ follow-up [5]. In
addition, previous evidence has indicated that glaucoma is primarily an optic neuropathy
with the optic nerve head (ONH) being the primary site of the disease [6,7]. As a result,
more and more ophthalmic researchers have paid attention to investigating biomolecular
mechanisms behind neuronal survival and developing further neuroprotective therapies as
a supplement to IOP-lowering treatment.
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neurotrophins; ONH, optic nerve head.

Neuroprotection is a therapeutic approach that aims at preserving neural structure
and function [8]. In glaucoma, neuroprotection refers to non-IOP-related interventions that
can prevent or delay the apoptosis of RGCs independent of IOP [9]. Although it may be
difficult to identify a single causative factor for the development of glaucoma, a reasonable
approach to tackling glaucomatous optic neuropathy remains targeting possible underlying
mechanisms of glaucomatous damage, including the deprivation of neurotrophic factors
(NTFs), the formation of reactive oxygen species (ROS), oxidative stress, glutamate exci-
totoxicity (Figure 2), ischemia, glial activation, and genetic determinants [10]. Therefore,
understanding pathogenic factors in glaucoma may further pave the way to the devel-
opment of more practical neuroprotective methods and subsequent clinical translation.
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potential therapeutic mechanisms of several agents in neuroprotection related to glutamate exci-
totoxicity. The symbol “×” indicates inhibition. BDNF, brain-derived neurotrophic factor; GBE,
ginkgo biloba extract; NMDA, N-methyl-D-aspartate; RGCs, retinal ganglion cells; TrkB, tropomyosin
receptor kinase B.

2. Neurotrophic Factors

Neurotrophic factors exert a variety of actions by binding to specific receptors and
affecting neuron development, survival, and repair via tyrosine kinase signaling [11,12].
Neurotrophic factors are neuroprotective, encouraging axon regeneration and improving
neuronal cell function [13]. Because of their promising outcomes in other neurodegenerative
disorders of the central nervous system [14–16], NTFs are an appealing therapeutic target
to explore in glaucoma.

Several NTFs have been reported to be associated with glaucoma, including nerve
growth factor (NGF), brain-derived neurotrophic factor (BDNF), ciliary neurotrophic factor
(CNTF), fibroblast growth factor 2 (bFGF), glial-derived neurotrophic factor (GDNF), and
neurturin [17–21]. These NTFs have been proven in several glaucoma rodent models to be
effective in preventing RGC cell death [17–19,21]. Clinically, topical treatment with NGF
for 3 months was shown to enhance optic nerve functions such as visual field, visual acuity,
and contrast sensitivity in a small case series of patients with advanced glaucoma [19]. Most
recently, a phase 1b clinical trial evaluating the safety and efficacy profiles of recombinant
human NGF eyedrops in glaucoma patients for 8 weeks revealed neither major adverse
events nor statistically significant short-term neuroenhancement in terms of structural
and functional measures [22]. Such inconsistency in the results may be attributed to the
treatment duration as the regeneration of RGCs may need a longer time for observable
neuroprotective effects. Nevertheless, based on the good safety profile demonstrated
by clinical trials, we could still expect a potential neuroprotective effect if the treatment
duration is designed to extend beyond 3 months.

Brain-derived neurotrophic factor enhances RGC survival by activating the extracel-
lular signal-regulated kinases (Erk) Erk1/2 and c-jun, as well as inhibiting caspase 2 [23].
Recently, Cha et al. found that BDNF levels in serum and aqueous humor (AH) were
significantly lower in patients with normal tension glaucoma (NTG) and primary open
angle glaucoma (POAG) [24]. Clinical research conducted by Oddone et al. showed re-
duced serum levels of both BDNF and NGF in patients with early to moderate stages of
glaucoma [20]. Uzel et al. also observed that BDNF in both serum and AH was lower in
POAG patients, and the serum level of BDNF increased significantly three months after
trabeculectomy [25]. These results suggest and reinforce the association between BDNF
and glaucoma and that BDNF may serve as a potential biomarker for glaucoma detection
and disease evaluation. In addition, several prior murine models also demonstrated that
BDNF protects and facilitates RGCs’ survival [26,27]. Most recently, Lazaldin et al. found
that the intravitreal injection of BDNF can hinder RGC death caused by amyloid-β induced
apoptosis in rats [28]. Nevertheless, more efforts are required to reach conclusions about the
causal relationship between BDNF and glaucoma as well as whether the supplementation
of BDNF is effective as a neuroprotective therapy for glaucoma.

The CNTF is expressed locally by RGCs. The concentration of CNTF is reduced in the
AH and lacrimal fluid in patients with POAG [29]. NT-501, a polymeric device containing a
genetically engineered human cell line that secretes CNTF and can be surgically implanted
beneath the pars plana, has been trialed in retinal diseases without obvious treatment
benefits [30,31]. Clinical trials of NT-501-encapsulated cell therapy are currently being
undertaken to explore its therapeutic efficacy in the treatment of glaucoma (Clinical Trials
ID NCT02862938 and NCT04577300).

While studies on NTFs show that they have great potential for neuroprotection, the
challenge of clinical translation remains in how to accomplish effective and sustainable
delivery to the retina. Intravitreal injection is a feasible method of delivering pure recombi-
nant trophic factors to the retina, but in chronic diseases like glaucoma, which may last for
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several decades, this treatment modality may not be pragmatic if the injection has to be
repeated frequently. Therefore, future studies may be directed toward the development of
the sustained release of the intraocular implant containing NTFs or stem cell transplant that
can modulate the levels of NTFs in the microenvironment. Alternatively, external therapies
such as low-level electrical stimulation, in which the electrodes are attached around the
eye and on the retina, can be used to induce local production of NTFs [32–34]. Previous
rodent models have demonstrated the upregulation of CNTF and BDNF after electrical
stimulation [35,36].

3. Ginkgo Biloba

Ginkgo is a traditional medication commonly used in Eastern countries. Modern
research has been conducted to explore the neuroprotective effect of Ginkgo biloba ex-
tract (GBE) in the treatment of glaucoma, and several theories regarding the underlying
mechanisms have been proposed. First, GBE may lead to increased blood flow by altering
the blood viscosity and suppressing platelet-activating factors that can induce platelet
aggregation, neutrophil degranulation, and ROS generation [37–39]. Second, the antiox-
idative capabilities of GBE may be exerted by its component poly-phenolic flavivonoids
via the mechanism of reducing the oxidative stress in the mitochondria and scavenging
free radicals [40–43]. Conflicting clinical results for the effectiveness of GBE have been
reported in some clinical trials. Quaranta et al. reported improvements in preexisting
visual field defects (average baseline mean deviation of 11.40 dB versus 8.78 dB after GBE
treatment, P = 0.0001; average baseline-corrected pattern standard deviation of 10.93 dB
versus 8.13 dB after treatment, P = 0.0001) after one month of 40 mg GBE oral capsule three
times daily in patients with NTG without any topical hypotensive therapy [44]. Long-term
treatment of 80 mg GBE twice daily also significantly slowed the progression of visual field
defects, which improved from the pretreatment regression coefficient of mean deviation
at −0.619 dB to −0.379 dB per year without affecting the IOP in NTG patients who con-
currently used 1 or 2 hypotensive eyedrops [45]. However, a randomized controlled trial
(RCT) revealed no effect of 40 mg GBE tablets three times daily for 4 weeks on visual field
performance in NTG patients with insignificant IOP difference during the study period [46].
Although this RCT followed a similar study design to Quaranta’s, the contradictory re-
sults may be attributed to some factors such as race and disease severity. In addition, the
difference between Lee’s and Guo’s work cannot be compared directly due to different
GBE dosages and treatment duration. Recently, Sabaner et al. demonstrated increased peri-
papillary vessel density on optical coherence tomography (OCT) angiography in healthy
subjects after the four-week consumption of GBE 120mg oral capsule [47]. Because previous
studies have demonstrated a positive correlation between peripapillary vessel density and
visual field performance [48,49], a comprehensive research may be worth conducting to
directly evaluate the changes in both vessel density and visual field in patients treated with
GBE. Whether GBE is effective in the treatment of glaucoma may still need to be justified
with further large clinical trials to identify patient characteristics, disease extent, concurrent
treatments, etc. associated with the beneficial effects of GBE in patients with NTG.

4. Brimonidine

Aside from its well-known effect of decreasing IOP, brimonidine has shown neuro-
protective properties against RGC death in several preclinical studies [50–53]. It has been
shown to increase NTFs and alter N-methyl-D-aspartate (NMDA) receptors involved in
glutamate toxicity [54,55]. It is reported to boost BDNF expression in RGCs, resulting in
a neuroprotective effect [54]. In addition, brimonidine has been shown to exert neuro-
protection by interfering with the amyloid-β pathway and lowering its levels since the
disruption of amyloid precursor protein homeostasis and the subsequent accumulation of
amyloid-β and its cytotoxicity may contribute to the death of the RGCs [56,57]. In clinical
studies, brimonidine monotherapy has been shown to reduce the incidence of visual field
progression compared with timolol in treated individuals (9% versus 30%) in the Low Pres-
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sure Glaucoma Study Group over 30 months, despite identical IOP-lowering effects [58].
However, the study was restricted by high dropout rates of 55% (54/99) in the brimonidine
group and 29% (23/79) in the timolol group, as well as a relatively small sample size
involved in the final analysis [59,60]. Topical brimonidine 0.2% administered over 3 months
was also observed to increase contrast sensitivity; however, treatment with timolol 0.5%
had no benefit, despite identical IOP reduction effects [61]. In addition, Tsai et al. reported
no significant change in retinal nerve fiber layer (RNFL) thickness after the administration
of brimonidine 0.2 % versus a statistically significant decrease in average RNFL thickness
(P = 0.004) from baseline in the timolol 0.5 % group in patients with ocular hypertension
treated for 1 year, despite similar mean IOP reduction in both groups [62]. Overall, these
findings imply that brimonidine has a neuroprotective effect that is not related to IOP and
may be used more widely for its IOP-independent treatment effect in glaucoma.

5. Calcium Channel Blocker (CCB)

Over the past few decades, calcium dysregulation has been regarded as a patho-
physiological component in the degeneration of RGCs [63]. Theoretically, CCBs protect
RGCs by preventing cell death caused by calcium influx and increasing local blood flow
in ischemic tissues by inducing vasodilation [63,64]. A cell culture study by Yamada et al.
demonstrated that CCBs, including iganidipine, nimodipine, and lomerizine, can facilitate
RGC viability to sustain hypoxic damage by blocking calcium ion influx into RGCs [65].
Meanwhile, another in vitro study also showed that nilvadipine may be capable of inhibit-
ing glutamate-induced RGC apoptosis by interfering with calcium influx [66]. An RCT
revealed that in systemically healthy patients with NTG, nilvadipine in a dosage of 2 mg
twice daily may preserve the optic nerve structure as assessed by direct ophthalmoscopy,
improve optic nerve head blood flow, and slow visual field progression compared with the
placebo group [67]. Another member of CCB, brovincamine, has also been shown to be
beneficial in improving visual field results and retarding disease progression in patients
with NTG [68,69]. Recently, Duan et al. reported an improvement in ocular hemody-
namics as well as visual field defects by nimodipine combined with latanoprost in OAG
patients [70]. An increase in superficial macular capillary vessel density was also found in
patients with NTG after consuming sixty mg of nimodipine for three months [71]. Despite
the aforementioned benefits of CCB revealed in these small-scale studies, one should keep
in mind that the influence of vasodilation induced by CCB may not sufficiently explain the
neuroprotective effect because vasodilation may inversely direct blood flow away from the
ischemic tissues and exacerbate the condition [72]. In addition, reduced systemic blood
pressure appears to decrease ONH blood flow and cause further damage to the optic nerve
in patients with glaucoma [73]. As a result, future studies may be directed at evaluating the
optimal dosage and improving the selectiveness of CCB to exert maximal neuroprotection
while minimizing accompanying side effects.

6. Memantine

Glutamate is a neurotransmitter activating proapoptotic cascades via NMDA and
non-NMDA receptors. Increased glutamate level has been thought to be a possible cause of
glaucoma [74]. Memantine is an NMDA receptor antagonist that inhibits excessive gluta-
mate activity, has been studied in experimental models of glaucoma, and has demonstrated
a protective effect on RGC survival and reductions in functional loss [74–77]. Despite
promising results from animal models, a large phase 3 RCT showed that daily treatment of
memantine over 4 years has little impact on delaying visual field progression in patients
with bilateral open-angle glaucoma [78]. Several variables influencing therapeutic effec-
tiveness may be taken into account to explain the discrepancy between animal studies
and clinical trials, including baseline glaucoma severity, trial duration, memantine dosage,
and administration route. In addition, because glaucoma is a multifactorial disease, such
complexity may be impossible to simulate by a single animal model. Additional factors
that could affect the treatment outcome should also be evaluated, including the presence of
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disc hemorrhage, central corneal thickness, etc. Further research may be directed toward
enrolling patients with early-stage glaucoma, a less heterogeneous population in terms of
different glaucoma progression risk factors, longer study duration, and other doses and
methods for medication delivery. Although the clinical study failed to prove the association
between memantine and visual field outcome, studies investigating the changes in RNFL
using OCT and OCT angiography are also warranted as they represent more objective
structural parameters in the assessment and detection of early glaucoma [79,80].

7. Citicoline

Citicoline is a natural compound that participates in the chemical reaction involving
the neurotransmitter acetylcholine and other neuronal membrane components. It is crucial
for preserving the levels of sphingomyelin and cardiolipin in neurons [81]. Citicoline exerts
its neuroprotective effect by reducing glutamate excitotoxicity, lowering oxidative stress in
RGC damage, and improving axonal transport deficit [82,83]. While the axons of RGC in
the retrobulbar space are rich in myelin, citicoline may be a potential treatment option to
modulate RGC viability via phospholipid metabolism in the myelin membrane [84].

In an animal model of glaucoma using adult rats with optic nerve crush, a decrease
in RGC density was attenuated following intraperitoneal citicoline administration, indi-
cating a protective effect against neuronal degeneration [85]. Improvements in pattern
electroretinogram (PERG) and visual evoked potentials (VEP) were demonstrated in an
RCT enrolling participants with POAG following the intramuscular injection of citicoline
1000 mg/day for 60 days [86]. Similar findings were also observed in glaucoma patients
treated with topical citicoline eyedrops [87,88]. A study consisting of 47 POAG patients with
beta-blocker monotherapy revealed that patients treated with topical citicoline (OMK1®,
Omikron Italia, 3 drops/day) over 4 months had improved PERG and VEP, whereas no
significant changes in PERG and VEP were observed in the control group treated with
beta-blocker monotherapy [87]. In addition, 4 cycles of treatment, in which each cycle
contains oral citicoline solution 1 vial (500 mg of citicoline) for 4 months and stopped
for 2 months, were effective in halting visual field progression in 41 patients with POAG
despite well-controlled IOP with hypotensive medications [89]. Recently, an RCT revealed
that the addition of citicoline eyedrops 3 times daily for 3 years in patients with progressing
OAG might be effective in terms of reducing the progression of mean deviation on 10-2
visual field and RNFL thickness [90]. Based on the aforementioned findings, it appears
that citicoline offers great potential as a future therapeutic strategy for glaucoma and other
neurological illnesses. Several trials are currently underway to explore the treatment ef-
fect of citicoline and its related products. (Clinical Trials ID NCT05315206, NCT04499157,
NCT04784234).

8. Antioxidant Q10

Coenzyme Q10 (CoQ10) is an important endogenous antioxidant and electron trans-
port chain component [91]. The intraocular administration of CoQ10 therapies has been
demonstrated to help delay RGC apoptosis and reduce glutamate concentration in a rat
model [92]. A diet containing CoQ10 has also been shown to be neuroprotective against
NMDA-induced retinal damage both in vitro and in mice in vivo [93]. In another mouse
model of glaucoma, a diet supplemented with CoQ10 could reduce glutamate excitotoxicity
and oxidative stress-mediated RGC degeneration and improve RGC survival by 29% [94].
A similar neuroprotective effect was also observed in a rat model given topical CoQ10
and vitamin E treatment for 4 weeks after mechanic optic nerve injury [95]. A small study
conducted by Parisi et al. revealed that in patients with POAG, the administration of
CoQ10 plus vitamin E had a beneficial effect on the inner retinal function and visual cor-
tical responses by using PERG and VEP, respectively [96]. In an RCT containing 64 eyes
with pseudoexfoliative glaucoma, a lower level of superoxide dismutase in the AH was
found in patients treated with topical CoQun solution containing CoQ10 and vitamin
E [97]. Currently, a large multicenter RCT evaluating the neuroprotective effects of CoQun
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eyedrops in addition to prostaglandin monotherapy on glaucoma progression in patients
with POAG is still undergoing (Clinical Trials ID NCT03611530) [98]. As more studies
are being conducted, we can expect the treatment potential of CoQ10 in conjunction with
IOP-lowering medications in the management of glaucoma.

9. Nicotinamide (Vitamin B3)

Nicotinamide, also known as vitamin B3, is a precursor to nicotinamide adenine
dinucleotide (NAD), which is a co-enzyme found in living cells and an essential molecule
for the proper function of the metabolic system. As reduced NAD levels and mitochondrial
dysfunctions are considered to be the hallmarks of the aging process [99], the question
remains whether the repletion of nicotinamide could be beneficial in the treatment of
neurodegenerative diseases including glaucoma. In 2017, Williams et al. first demonstrated
that oral supplementation with high-dose nicotinamide could alleviate the decreased NAD
levels in the retina caused by aging in DBA/2 J mice, a mouse model of age-dependent
inherited glaucoma [100]. In line with the findings of NAD depletion in the murine
model, Nzoughet et al. revealed a reduced plasma level of NAD in patients with POAG
compared with the control group [100,101]. This finding further suggests the potential
role of nicotinamide supplementation in treating human glaucoma. Therefore, to evaluate
the effect of supplementation of nicotinamide in human glaucoma, Hui et al. examined
57 participants with early to moderate glaucoma with well-controlled IOP who received
either oral placebo or nicotinamide at the dosage of 1.5 g/day for 6 weeks and 3 g/day
for another 6 weeks, and all participants crossed over without washout after 12 weeks.
Overall, they found that patients consuming nicotinamide had improved RGC function
as evaluated by ERG, independent of IOP [102]. A recent phase 2 RCT also showed a
greater number of improving visual field test locations and improved rates of change of
pattern standard deviation in patients with treated, moderate open-angle glaucoma taking
a combination of oral nicotinamide and pyruvate [103]. These findings emphasize the
importance of nicotinamide supplementation in glaucoma treatment, and the ongoing
clinical trials examining the long-term effects of high-dose nicotinamide in glaucoma will
be crucial in establishing the therapeutic role of NAM supplementation to slow the loss of
visual field in people with glaucoma. (Clinical Trials ID NCT05275738, NCT05405868).

10. Statins

Statins are medications originally used to treat hypercholesterolemia. Their major
mechanism of action is to block HMG-CoA reductase and hence reduce cholesterol produc-
tion. A recently published meta-analysis of observational studies reported that glaucoma
was linked to high total cholesterol and low high-density lipoprotein levels [104], which
strengthens the importance of blood lipid levels in the treatment of glaucoma. A rat model
of chronic ocular hypertension was used to evaluate the neuroprotective effect of statins
and showed the improved survival of RGCs, reduced apoptosis, and the suppression of
glial activation in the retina in the statins group [105]. One study using confocal scan-
ning laser ophthalmoscopy to measure the rate of progression of optic nerve parameters
in glaucoma suspects taking statin showed a slowed progression of loss of rim volume,
cross-sectional area of RNFL, and mean global RNFL thickness when compared with the
control group [106]. Despite promising preclinical data, Kang et al. found no significant
association between statin use and rates of change in mean deviation and RNFL thickness
in those with glaucoma or glaucoma suspects [107]. The most recent meta-analysis revealed
a slightly lower risk of OAG onset after using statins, whereas the association between
statin use and OAG progression is still uncertain [108]. With the increasing application
of statins in the treatment of cardiovascular and cerebrovascular diseases [109,110], more
preclinical and clinical studies are warranted to elucidate the underlying neuroprotective
mechanisms of statins against glaucomatous optic neuropathy.
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11. Stem Cell Therapy

Stem cell therapy is gaining in popularity for its potential to treat neurodegenerative
diseases such as glaucoma. In glaucoma, the ultimate goal is to restore vision by the
neuroregeneration of injured or dead RGCs and their axons. Stem cell treatment may be
therapeutic for glaucoma through two different mechanisms: (1) regenerating RGCs and
producing new cells of different kinds. (2) providing a favorable neurotrophic environment
to the damaged RGCs [111,112]. In addition, the RGCs are the ideal target for stem cell
therapy because they have the benefit of being confined to the intraocular spaces and may
be less likely to be affected by immune rejection [113].

Mesenchymal stem cells (MSCs) are multipotent and can differentiate into neurons and
glial cells, support neuronal growth and synaptic connection, induce angiogenesis, modu-
late inflammatory responses, and reduce demyelination and apoptosis, which all contribute
to their neuroprotective and regenerative effects [114]. The transplanted MSCs can secret
various NTFs to promote cell survival, including CNTF (a potent RGC survival factor),
bFGF (a simulator of axonal growth), GDNF, and BDNF [112,115]. Various IOP-dependent
animal models of glaucoma have demonstrated effectiveness in terms of promoting RGC
survival and reducing RGC loss via the intravitreal injection of MSCs [116–120] and pro-
tecting trabecular meshwork tissue via the intracameral injection of MSCs [121]. Recently, a
clinical trial by Vivela et al. reported no significant improvement in visual performance
or ERG in a patient with advanced glaucoma after the intravitreal injection of autologous
bone marrow-derived MSCs. In addition, the development of retinal detachment with
proliferative vitreoretinopathy was noted in another participant [122]. Therefore, despite
successful outcomes shown in animal models, there are still obstacles that can hinder the
clinical translation of stem cell therapy into human application. Particularly, the complexity
of human disease states may not be exactly represented by a controlled experimental envi-
ronment in animal models. Nevertheless, larger clinical trials enrolling more participants
with different disease severity; using different administration routes, i.e., intracamerally
or intravitreally; and following for a longer period of duration are still warranted to fully
elucidate the clinical effectiveness of this treatment modality.

Some safety issues need to be addressed before stem cell therapy could be successfully
used in clinical practice. First, the balance between graft survival and tumorigenesis must
be carefully assessed because the longer the stem cell lasts, the more likely the tumor might
develop. Thus, meticulous laboratory and clinical research will be required to guarantee
that the potential benefit of neuroprotection far outperforms the possible danger of tumor
induction. Second, the implanted cells not only release ideal and desired trophic factors
for supporting RGCs, but they may also secret other agents that could be potentially
detrimental to the microenvironment of RGC [123]. Third, the differences in efficacy among
various animal models for glaucomatous optic neuropathy may need to be justified before
clinical translation. Therefore, more efforts are required before stem cell therapy can become
practical in clinical settings.

12. Gene Therapy

Gene therapy has made remarkable progress in the past few decades. It offers the
potential to help patients with damaged RGCs regain their lost vision. Clinical trials
conducted on patients with congenital retinal diseases such as Leber hereditary optic
neuropathy have shown promising results with direct gene medical application in the
treatment of optic neuropathy [124,125]. However, genetic treatment in the context of
glaucoma remains challenging due to its multifactorial and polygenic properties.

Some animal studies have demonstrated the efficacy of gene therapy in the treatment
of glaucoma. For example, experimental studies conducted by Jain et al. showed that
clustered regularly interspaced short palindromic repeats (CRISPR)-mediated genome
editing of myocilin (MYOC)-dominant gain-of-function mutations effectively lowered IOP
and hindered glaucomatous damage by inducing the loss of function of mutant MYOC in a
mouse model of MYOC-associated POAG [126]. Another promising result was shown in a
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recent study using multiple rodent glaucoma models, in which the reactivation of CaMKII
activity via the intravitreal injection of adeno-associated virus (AAV) vectors in diseased
mice protects RGCs and preserves visual function and visually guided behavior [114].
Gene therapy also exerts its neuroprotective effect through encoding NTFs such as BDNF
and CNTF [127,128]. In a rat model of optic nerve injury, Osborne et al. demonstrated
enhancements of RGC survival and no significant adverse effects on the retinal structure
or electrophysiological performance following the intravitreal injection of AAV2 TrkB-2A-
mBDNF [127]. Various gene targets have also been studied in the experimental models of
glaucoma, including BCLXL, NMNAT2, Myc-associated protein X, and XIAP [129–132].

With the advancement of whole-genome sequencing and genome editing technology,
further genes related to the pathogenesis of glaucoma will be able to be discovered and
tested as potential therapeutic targets. While there are still many obstacles to overcome be-
fore glaucoma gene therapy becomes clinically available, the progress in understanding the
genetic etiology of glaucoma and breakthroughs in RGC neuroprotection in various animal
models still hold the potential for leading to a new frontier of gene therapy in glaucoma.

13. Conclusions

Neuroprotection has the potential to play a critical role in glaucoma treatment. Im-
provement in RGCs survival and a decrease in cell death can not only slow disease pro-
gression but even restore visual function through tissue regeneration. Although several
treatment modalities exhibit neuroprotective effects in experimental or clinical studies
regarding glaucoma, only a few of them have resulted in approved therapy clinically, and
the road to glaucoma neuroprotection remains long. Supplementary Table S1 summarizes
the essence of the clinical study of each treatment modality and its implications. Overall,
in clinical scenarios such as patients who are intolerant to hypotensive medications or
unwilling to receive laser or surgical intervention or who have progressive glaucomatous
defect despite well-controlled IOP, supplements such as GBE, citicoline, antioxidant Q10,
and nicotinamide may be considered if they are available and not harmful to the patient’s
health. Brimonidine may also be used at the physician’s discretion. The clinical usage
and effectiveness of CCB, memantine, and statin remain to be justified. Neurotrophic
factors, stem cell therapy, and gene therapy warrant further investigation before they can
be administered to patients. Advancement in the evolution of neuroprotective therapy will
be aided by substantial investment in genetic and biomolecular research.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jpm12111884/s1, Table S1: Summary table of the included clini-
cal studies.
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neurotrophic factor levels in primary open-angle glaucoma. Graefe’s Arch. Clin. Exp. Ophthalmol. 2018, 256, 1173–1178. [CrossRef]

26. Ko, M.L.; Hu, D.N.; Ritch, R.; Sharma, S.C.; Chen, C.F. Patterns of retinal ganglion cell survival after brain-derived neurotrophic
factor administration in hypertensive eyes of rats. Neurosci. Lett. 2001, 305, 139–142. [CrossRef]

27. Peinado-Ramón, P.; Salvador, M.; Villegas-Pérez, M.P.; Vidal-Sanz, M. Effects of axotomy and intraocular administration of NT-4,
NT-3, and brain-derived neurotrophic factor on the survival of adult rat retinal ganglion cells. A quantitative in vivo study.
Investig. Ophthalmol. Vis. Sci. 1996, 37, 489–500.

28. Lazaldin, M.A.M.; Iezhitsa, I.; Agarwal, R.; Agarwal, P.; Ismail, N.M. Neuroprotective effects of exogenous brain-derived
neurotrophic factor on amyloid-beta 1-40-induced retinal degeneration. Neural Regen. Res. 2023, 18, 382–388. [CrossRef]

29. Shpak, A.A.; Guekht, A.B.; Druzhkova, T.A.; Kozlova, K.I.; Gulyaeva, N.V. Ciliary neurotrophic factor in patients with primary
open-angle glaucoma and age-related cataract. Mol. Vis. 2017, 23, 799–809.

30. Birch, D.G.; Bennett, L.D.; Duncan, J.L.; Weleber, R.G.; Pennesi, M.E. Long-term Follow-up of Patients With Retinitis Pigmentosa
Receiving Intraocular Ciliary Neurotrophic Factor Implants. Am. J. Ophthalmol. 2016, 170, 10–14. [CrossRef]

14



J. Pers. Med. 2022, 12, 1884

31. Thanos, C.G.; Bell, W.J.; O’Rourke, P.; Kauper, K.; Sherman, S.; Stabila, P.; Tao, W. Sustained secretion of ciliary neurotrophic factor
to the vitreous, using the encapsulated cell therapy-based NT-501 intraocular device. Tissue Eng. 2004, 10, 1617–1622. [CrossRef]

32. Gordon, T. Electrical Stimulation to Enhance Axon Regeneration After Peripheral Nerve Injuries in Animal Models and Humans.
Neurotherapeutics 2016, 13, 295–310. [CrossRef]

33. Pardue, M.T.; Allen, R.S. Neuroprotective strategies for retinal disease. Prog. Retin. Eye Res. 2018, 65, 50–76. [CrossRef]
34. Sehic, A.; Guo, S.; Cho, K.S.; Corraya, R.M.; Chen, D.F.; Utheim, T.P. Electrical Stimulation as a Means for Improving Vision. Am.

J. Pathol. 2016, 186, 2783–2797. [CrossRef]
35. Hanif, A.M.; Kim, M.K.; Thomas, J.G.; Ciavatta, V.T.; Chrenek, M.; Hetling, J.R.; Pardue, M.T. Whole-eye electrical stimulation

therapy preserves visual function and structure in P23H-1 rats. Exp. Eye Res. 2016, 149, 75–83. [CrossRef]
36. Ni, Y.Q.; Gan, D.K.; Xu, H.D.; Xu, G.Z.; Da, C.D. Neuroprotective effect of transcorneal electrical stimulation on light-induced

photoreceptor degeneration. Exp. Neurol. 2009, 219, 439–452. [CrossRef] [PubMed]
37. Akiba, S.; Kawauchi, T.; Oka, T.; Hashizume, T.; Sato, T. Inhibitory effect of the leaf extract of Ginkgo biloba L. on oxidative

stress-induced platelet aggregation. Biochem. Mol. Biol. Int. 1998, 46, 1243–1248. [CrossRef]
38. Chung, H.S.; Harris, A.; Kristinsson, J.K.; Ciulla, T.A.; Kagemann, C.; Ritch, R. Ginkgo biloba extract increases ocular blood flow

velocity. J. Ocul. Pharmacol. Ther. 1999, 15, 233–240. [CrossRef]
39. Kleijnen, J.; Knipschild, P. Ginkgo biloba. Lancet 1992, 340, 1136–1139. [CrossRef]
40. Cheung, Z.H.; So, K.F.; Lu, Q.; Yip, H.K.; Wu, W.; Shan, J.J.; Pang, P.K.; Chen, C.F. Enhanced survival and regeneration of

axotomized retinal ganglion cells by a mixture of herbal extracts. J. Neurotrauma 2002, 19, 369–378. [CrossRef] [PubMed]
41. Marcocci, L.; Maguire, J.J.; Droy-Lefaix, M.T.; Packer, L. The nitric oxide-scavenging properties of Ginkgo biloba extract EGb 761.

Biochem. Biophys. Res. Commun. 1994, 201, 748–755. [CrossRef] [PubMed]
42. Ritch, R. Potential role for Ginkgo biloba extract in the treatment of glaucoma. Med. Hypotheses 2000, 54, 221–235. [CrossRef]

[PubMed]
43. Sacca, S.C.; Pascotto, A.; Camicione, P.; Capris, P.; Izzotti, A. Oxidative DNA damage in the human trabecular meshwork: Clinical

correlation in patients with primary open-angle glaucoma. Arch. Ophthalmol. 2005, 123, 458–463. [CrossRef] [PubMed]
44. Quaranta, L.; Bettelli, S.; Uva, M.G.; Semeraro, F.; Turano, R.; Gandolfo, E. Effect of Ginkgo biloba extract on preexisting visual

field damage in normal tension glaucoma. Ophthalmology 2003, 110, 359–362; discussion 362–364. [CrossRef]
45. Lee, J.; Sohn, S.W.; Kee, C. Effect of Ginkgo biloba extract on visual field progression in normal tension glaucoma. J. Glaucoma

2013, 22, 780–784. [CrossRef]
46. Guo, X.; Kong, X.; Huang, R.; Jin, L.; Ding, X.; He, M.; Liu, X.; Patel, M.C.; Congdon, N.G. Effect of Ginkgo biloba on visual

field and contrast sensitivity in Chinese patients with normal tension glaucoma: A randomized, crossover clinical trial. Investig.
Ophthalmol. Vis. Sci. 2014, 55, 110–116. [CrossRef]

47. Sabaner, M.C.; Dogan, M.; Altin, S.S.; Balaman, C.; Yilmaz, C.; Omur, A.; Zeybek, I.; Palaz, M. Ginkgo Biloba affects microvascular
morphology: A prospective optical coherence tomography angiography pilot study. Int. Ophthalmol. 2021, 41, 1053–1061.
[CrossRef]

48. Lin, Y.H.; Huang, S.M.; Yeung, L.; Ku, W.C.; Chen, H.S.; Lai, C.C.; Chuang, L.H. Correlation of Visual Field With Peripapillary
Vessel Density Through Optical Coherence Tomography Angiography in Normal-Tension Glaucoma. Trans. Vis. Sci. Technol.
2020, 9, 26. [CrossRef]

49. Zhong, H.; Dong, Q.; Cun, Q.; He, G.; Tao, Y.; Song, K.; Lu, Y.; Zhu, Q.; Chen, X.; Chen, Q. Peripapillary vessel density correlates
with visual field mean sensitivity in highly myopic eyes. J. Transl. Med. 2022, 20, 119. [CrossRef]

50. Hernández, M.; Urcola, J.H.; Vecino, E. Retinal ganglion cell neuroprotection in a rat model of glaucoma following brimonidine,
latanoprost or combined treatments. Exp. Eye Res. 2008, 86, 798–806. [CrossRef]

51. Pinar-Sueiro, S.; Urcola, H.; Rivas, M.A.; Vecino, E. Prevention of retinal ganglion cell swelling by systemic brimonidine in a rat
experimental glaucoma model. Clin. Exp. Ophthalmol. 2011, 39, 799–807. [CrossRef] [PubMed]

52. Yoles, E.; Wheeler, L.A.; Schwartz, M. Alpha2-adrenoreceptor agonists are neuroprotective in a rat model of optic nerve
degeneration. Investig. Ophthalmol. Vis. Sci. 1999, 40, 65–73.

53. Conti, F.; Romano, G.L.; Eandi, C.M.; Toro, M.D.; Rejdak, R.; Di Benedetto, G.; Lazzara, F.; Bernardini, R.; Drago, F.; Cantarella,
G.; et al. Brimonidine is Neuroprotective in Animal Paradigm of Retinal Ganglion Cell Damage. Front. Pharmacol. 2021, 12,
705405. [CrossRef]

54. Gao, H.; Qiao, X.; Cantor, L.B.; WuDunn, D. Up-regulation of brain-derived neurotrophic factor expression by brimonidine in rat
retinal ganglion cells. Arch. Ophthalmol. 2002, 120, 797–803. [CrossRef] [PubMed]

55. Jung, K.I.; Kim, J.H.; Park, C.K. α2-Adrenergic modulation of the glutamate receptor and transporter function in a chronic ocular
hypertension model. Eur. J. Pharmacol. 2015, 765, 274–283. [CrossRef]

56. Goldblum, D.; Kipfer-Kauer, A.; Sarra, G.M.; Wolf, S.; Frueh, B.E. Distribution of amyloid precursor protein and amyloid-beta
immunoreactivity in DBA/2J glaucomatous mouse retinas. Investig. Ophthalmol. Vis. Sci. 2007, 48, 5085–5090. [CrossRef]

57. Nizari, S.; Guo, L.; Davis, B.M.; Normando, E.M.; Galvao, J.; Turner, L.A.; Bizrah, M.; Dehabadi, M.; Tian, K.; Cordeiro, M.F.
Non-amyloidogenic effects of α2 adrenergic agonists: Implications for brimonidine-mediated neuroprotection. Cell Death Dis.
2016, 7, e2514. [CrossRef]

58. Krupin, T.; Liebmann, J.M.; Greenfield, D.S.; Ritch, R.; Gardiner, S. A randomized trial of brimonidine versus timolol in preserving
visual function: Results from the Low-Pressure Glaucoma Treatment Study. Am. J. Ophthalmol. 2011, 151, 671–681. [CrossRef]

15



J. Pers. Med. 2022, 12, 1884

59. Garudadri, C.S.; Choudhari, N.S.; Rao, H.L.; Senthil, S. A randomized trial of brimonidine versus timolol in preserving visual
function: Results from the Low-pressure Glaucoma Treatment Study. Am. J. Ophthalmol. 2011, 152, 877; Author Reply 877–878.
[CrossRef]

60. Sena, D.F.; Lindsley, K. Neuroprotection for treatment of glaucoma in adults. Cochrane Database Syst. Rev. 2017, 1, CD006539.
[CrossRef]

61. Evans, D.W.; Hosking, S.L.; Gherghel, D.; Bartlett, J.D. Contrast sensitivity improves after brimonidine therapy in primary open
angle glaucoma: A case for neuroprotection. Br. J. Ophthalmol. 2003, 87, 1463–1465. [CrossRef] [PubMed]

62. Tsai, J.C.; Chang, H.W. Comparison of the effects of brimonidine 0.2% and timolol 0.5% on retinal nerve fiber layer thickness in
ocular hypertensive patients: A prospective, unmasked study. J. Ocul. Pharmacol. Ther. 2005, 21, 475–482. [CrossRef] [PubMed]

63. Crish, S.D.; Calkins, D.J. Neurodegeneration in glaucoma: Progression and calcium-dependent intracellular mechanisms.
Neuroscience 2011, 176, 1–11. [CrossRef] [PubMed]

64. Osborne, N.N.; Wood, J.P.; Chidlow, G.; Casson, R.; DeSantis, L.; Schmidt, K.G. Effectiveness of levobetaxolol and timolol at
blunting retinal ischaemia is related to their calcium and sodium blocking activities: Relevance to glaucoma. Brain Res. Bull. 2004,
62, 525–528. [CrossRef]

65. Yamada, H.; Chen, Y.N.; Aihara, M.; Araie, M. Neuroprotective effect of calcium channel blocker against retinal ganglion cell
damage under hypoxia. Brain Res. 2006, 1071, 75–80. [CrossRef] [PubMed]

66. Otori, Y.; Kusaka, S.; Kawasaki, A.; Morimura, H.; Miki, A.; Tano, Y. Protective effect of nilvadipine against glutamate neurotoxicity
in purified retinal ganglion cells. Brain Res. 2003, 961, 213–219. [CrossRef]

67. Koseki, N.; Araie, M.; Tomidokoro, A.; Nagahara, M.; Hasegawa, T.; Tamaki, Y.; Yamamoto, S. A placebo-controlled 3-year study
of a calcium blocker on visual field and ocular circulation in glaucoma with low-normal pressure. Ophthalmology 2008, 115,
2049–2057. [CrossRef]

68. Koseki, N.; Araie, M.; Yamagami, J.; Shirato, S.; Yamamoto, S. Effects of oral brovincamine on visual field damage in patients with
normal-tension glaucoma with low-normal intraocular pressure. J. Glaucoma 1999, 8, 117–123. [CrossRef]

69. Sawada, A.; Kitazawa, Y.; Yamamoto, T.; Okabe, I.; Ichien, K. Prevention of visual field defect progression with brovincamine in
eyes with normal-tension glaucoma. Ophthalmology 1996, 103, 283–288. [CrossRef]

70. Duan, H.P.; Liu, R. Efficacy of Nimodipine Combined with Latanoprost in Treating Open-Angle Glaucoma and Its Influence on
Ocular Hemodynamics and Visual Field Defects. Drug Des. Dev. Ther. 2022, 16, 749–757. [CrossRef]

71. Hu, X.; Wang, X.; Dai, Y.; Qiu, C.; Shang, K.; Sun, X. Effect of Nimodipine on Macular and Peripapillary Capillary Vessel Density in
Patients with Normal-tension Glaucoma Using Optical Coherence Tomography Angiography. Curr. Eye Res. 2021, 46, 1861–1866.
[CrossRef] [PubMed]

72. Araie, M.; Mayama, C. Use of calcium channel blockers for glaucoma. Prog. Retin. Eye Res. 2011, 30, 54–71. [CrossRef] [PubMed]
73. Yilmaz, K.C.; Sur Gungor, S.; Ciftci, O.; Akman, A.; Muderrisoglu, H. Relationship between primary open angle glaucoma and

blood pressure. Acta Cardiol. 2020, 75, 54–58. [CrossRef] [PubMed]
74. Hare, W.A.; WoldeMussie, E.; Lai, R.K.; Ton, H.; Ruiz, G.; Chun, T.; Wheeler, L. Efficacy and safety of memantine treatment for

reduction of changes associated with experimental glaucoma in monkey, I: Functional measures. Investig. Ophthalmol. Vis. Sci.
2004, 45, 2625–2639. [CrossRef]

75. Hare, W.; WoldeMussie, E.; Lai, R.; Ton, H.; Ruiz, G.; Feldmann, B.; Wijono, M.; Chun, T.; Wheeler, L. Efficacy and safety of
memantine, an NMDA-type open-channel blocker, for reduction of retinal injury associated with experimental glaucoma in rat
and monkey. Surv. Ophthalmol. 2001, 45 (Suppl. 3), S284–S289; Discussion S286–S295. [CrossRef]

76. WoldeMussie, E.; Yoles, E.; Schwartz, M.; Ruiz, G.; Wheeler, L.A. Neuroprotective effect of memantine in different retinal injury
models in rats. J. Glaucoma 2002, 11, 474–480. [CrossRef]

77. Yücel, Y.H.; Gupta, N.; Zhang, Q.; Mizisin, A.P.; Kalichman, M.W.; Weinreb, R.N. Memantine protects neurons from shrinkage in
the lateral geniculate nucleus in experimental glaucoma. Arch. Ophthalmol. 2006, 124, 217–225. [CrossRef]

78. Weinreb, R.N.; Liebmann, J.M.; Cioffi, G.A.; Goldberg, I.; Brandt, J.D.; Johnson, C.A.; Zangwill, L.M.; Schneider, S.; Badger, H.;
Bejanian, M. Oral Memantine for the Treatment of Glaucoma: Design and Results of 2 Randomized, Placebo-Controlled, Phase 3
Studies. Ophthalmology 2018, 125, 1874–1885. [CrossRef]

79. Kromer, R.; Glusa, P.; Framme, C.; Pielen, A.; Junker, B. Optical coherence tomography angiography analysis of macular flow
density in glaucoma. Acta Ophthalmol. 2019, 97, e199–e206. [CrossRef]

80. Nouri-Mahdavi, K.; Nikkhou, K.; Hoffman, D.C.; Law, S.K.; Caprioli, J. Detection of early glaucoma with optical coherence
tomography (StratusOCT). J. Glaucoma 2008, 17, 183–188. [CrossRef]

81. Adibhatla, R.M.; Hatcher, J.F.; Dempsey, R.J. Effects of citicoline on phospholipid and glutathione levels in transient cerebral
ischemia. Stroke 2001, 32, 2376–2381. [CrossRef] [PubMed]

82. Grieb, P.; Jünemann, A.; Rekas, M.; Rejdak, R. Citicoline: A Food Beneficial for Patients Suffering from or Threated with Glaucoma.
Front. Aging Neurosci. 2016, 8, 73. [CrossRef] [PubMed]

83. Mir, C.; Clotet, J.; Aledo, R.; Durany, N.; Argemí, J.; Lozano, R.; Cervós-Navarro, J.; Casals, N. CDP-choline prevents glutamate-
mediated cell death in cerebellar granule neurons. J. Mol. Neurosci. 2003, 20, 53–60. [CrossRef]

84. FitzGibbon, T.; Nestorovski, Z. Human intraretinal myelination: Axon diameters and axon/myelin thickness ratios. Indian J.
Ophthalmol. 2013, 61, 567–575. [CrossRef] [PubMed]

16



J. Pers. Med. 2022, 12, 1884

85. Schuettauf, F.; Rejdak, R.; Thaler, S.; Bolz, S.; Lehaci, C.; Mankowska, A.; Zarnowski, T.; Junemann, A.; Zagorski, Z.; Zrenner,
E.; et al. Citicoline and lithium rescue retinal ganglion cells following partial optic nerve crush in the rat. Exp. Eye Res. 2006, 83,
1128–1134. [CrossRef]

86. Parisi, V.; Manni, G.; Colacino, G.; Bucci, M.G. Cytidine-5′-diphosphocholine (citicoline) improves retinal and cortical responses
in patients with glaucoma. Ophthalmology 1999, 106, 1126–1134. [CrossRef]

87. Parisi, V.; Centofanti, M.; Ziccardi, L.; Tanga, L.; Michelessi, M.; Roberti, G.; Manni, G. Treatment with citicoline eye drops
enhances retinal function and neural conduction along the visual pathways in open angle glaucoma. Graefe’s Arch. Clin. Exp.
Ophthalmol. 2015, 253, 1327–1340. [CrossRef]

88. Roberti, G.; Tanga, L.; Parisi, V.; Sampalmieri, M.; Centofanti, M.; Manni, G. A preliminary study of the neuroprotective role of
citicoline eye drops in glaucomatous optic neuropathy. Indian J. Ophthalmol. 2014, 62, 549–553. [CrossRef]

89. Ottobelli, L.; Manni, G.L.; Centofanti, M.; Iester, M.; Allevena, F.; Rossetti, L. Citicoline oral solution in glaucoma: Is there a role in
slowing disease progression? Ophthalmologica 2013, 229, 219–226. [CrossRef]

90. Rossetti, L.; Iester, M.; Tranchina, L.; Ottobelli, L.; Coco, G.; Calcatelli, E.; Ancona, C.; Cirafici, P.; Manni, G. Can Treatment With
Citicoline Eyedrops Reduce Progression in Glaucoma? The Results of a Randomized Placebo-controlled Clinical Trial. J. Glaucoma
2020, 29, 513–520. [CrossRef]

91. Edwards, G.; Lee, Y.; Kim, M.; Bhanvadia, S.; Kim, K.Y.; Ju, W.K. Effect of Ubiquinol on Glaucomatous Neurodegeneration and
Oxidative Stress: Studies for Retinal Ganglion Cell Survival and/or Visual Function. Antioxidants 2020, 9, 952. [CrossRef] [PubMed]

92. Nucci, C.; Tartaglione, R.; Cerulli, A.; Mancino, R.; Spanò, A.; Cavaliere, F.; Rombolà, L.; Bagetta, G.; Corasaniti, M.T.; Morrone,
L.A. Retinal damage caused by high intraocular pressure-induced transient ischemia is prevented by coenzyme Q10 in rat.
In International Review of Neurobiology; Academic Press: Cambridge, MA, USA, 2007; Volume 82, pp. 397–406. [CrossRef]

93. Nakajima, Y.; Inokuchi, Y.; Nishi, M.; Shimazawa, M.; Otsubo, K.; Hara, H. Coenzyme Q10 protects retinal cells against oxidative
stress in vitro and in vivo. Brain Res. 2008, 1226, 226–233. [CrossRef] [PubMed]

94. Lee, D.; Shim, M.S.; Kim, K.Y.; Noh, Y.H.; Kim, H.; Kim, S.Y.; Weinreb, R.N.; Ju, W.K. Coenzyme Q10 inhibits glutamate
excitotoxicity and oxidative stress-mediated mitochondrial alteration in a mouse model of glaucoma. Investig. Ophthalmol. Vis.
Sci. 2014, 55, 993–1005. [CrossRef] [PubMed]
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Abstract: This study aims to examine the correlations between masticatory and neck muscle thickness
and activity versus eyeball length, retinal thickness, choroidal thickness, and intraocular pressure
in healthy women versus women with myopia. The study group consisted of 21 women aged
24 years and a control group of 19 women (mean age 23 years). For bioelectrical activity analysis
within the temporalis anterior, the superficial part of the masseter muscle, the middle part of the
sternocleidomastoid muscle, and the anterior belly of the digastric muscle, an eight-channel BioEMG
III electromyograph were used. An M-Turbo ultrasound machine was used to analyze masticatory
and neck muscle thickness. The eyeball length was examined by IOL Master 500; choroidal and retinal
thickness by Optovue Angiovue; and intraocular pressure by Tono-Pen XL. Refractive errors are
related to differences in muscle thickness and electromyographic activity. Bioelectrical activity within
the temporalis anterior seems to be associated with ocular length, retinal thickness, and choroidal
thickness in women with myopia.

Keywords: eye; optometry; sEMG; eyeball length; retinal; choroidal; intraocular pressure; USG;
masticatory muscles; myopia

1. Introduction

The highest rate of increase in myopia is claimed to occur between the ages of 20 and 30.
It is estimated that this would affect 72% of individuals and then decrease to 22% in patients
over the age of 70. The peak of myopia occurs at the age of 24 [1]. It is predicted that
by 2050, there will be 4.8 billion myopic patients [2]. The etiology of myopia is not fully
understood and has a multifactorial character. Evidence suggests that not only genetic
factors but also environmental factors, such as time spent outdoors, play a major role in
the occurrence of myopia [3]. Short-sightedness involving blurring of objects viewed from
a distance is related to refractive error, which results from a mismatch between different
optical elements of the eye, one of which is the length of the eyeball [4]. The main form
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of myopia is axial-length myopia, in which the eyeball expands too much. The eyeball
length increases during childhood and adolescence, and if this increases the eyeball axial
length, it can exceed the focus of the eye leading to myopia [5]. For example, high myopia
is defined as a refractive error ≤−6. 00 diopters (D) or an axial length ≥26. 5 mm [6].

Myopia is known to be associated with several ocular complications such as retinal
detachment, glaucoma, cataract, optic nerve disc changes, and maculopathy [7]. These are
not the only changes in the structure of the eye associated with myopia. Some studies
suggest that intraocular pressure (IOP) is associated with the occurrence of refractive
error [8,9]. Based on the Mendel randomization model, it was noted that on average,
each 1 mm Hg increase in IOP predicts a decrease in the spherical equivalent of 0.05 to
0.09 Diopters (Dsph) [9]. This suggests that exposure to higher IOP may inadvertently
increase the prevalence of myopia [10].

Additionally, there are also changes in the thickness of the retina and choroid in
myopia. An overall reduction in retinal thickness has been observed in eyes with myopia
compared to eyes without myopia [11–13]. Choroidal thickness in high myopia is inversely
correlated with age and myopia refractive error and is an important predictor of visual
acuity [14].

An increasing number of studies have recognized changes in the bioelectrical activity
of masticatory and cervical spine muscles [15–18]. The connection between the eye and
the masticatory muscles may have a neurological, biomechanical, or biochemical basis.
Changes in electromyographic activity within masticatory muscles can have a primary or
secondary character on the refractive error. However, the presented connection is not yet
fully understood [17].

This study aims to examine the correlations between masticatory and neck muscle
thickness and activity versus eyeball length, retinal thickness, choroidal thickness, and in-
traocular pressure in healthy women versus women with myopia. To the best of our
knowledge, this is the first study to analyze the relationship between these systems.

2. Materials and Methods
2.1. Study Population

A total of 131 women in the age range of 20–30 years were enrolled in the study.
The analysis in this study involved Caucasian women. It was decided to examine women
due to the higher prevalence of myopia [19,20], faster progression of myopia in women [21],
and higher prevalence of TMD [22,23] compared to men. The following exclusion criteria
were used: the presence of TMD based on The Research Diagnostic Criteria for Temporo-
mandibular Disorders (RDC/TMD), open bite, crossbite, Angle class II and III, lack of four
spheres of support, oral inflammation, hyperopia, diseases of the optic nerve and ocular
structures, neurological disorders of the head and neck, muscular disorders or diseases,
neoplastic diseases (regardless of type or location), pain and trauma and previous surgical
treatment in the head and neck within the last six months of the study, and pregnancy.

The examination for exclusion criteria was carried out by the authors: a dentist
with a specialization in dental prosthetics (author J.S.), a medical doctor specialized in
ophthalmology (author A.M.-W.), and a physiotherapist (author G.Z.).

Based on the above criteria, 40 women were included in the study. Refractive er-
ror based on ophthalmological examination (author A.M.-W.) was found in 21 subjects.
The study group included women with a refractive error from −0.75 to −5.50 Dsph.
The ophthalmological examination showed a refractive error in the right eye mean of
−3.00 ± 0.50 Dsph and in the left eye mean of −3.00 ± 1.50 Dsph within the study group.
The best-corrected visual acuity (BCVA) was tested using a Snellen chart, and it was
1.0 (20/20)). No refractive error was found in the control group (19 women). The uncor-
rected visual acuity was 1.0 (20/20). Other ophthalmic parameters are listed in Table 1.
No other ocular abnormalities were found on a complete ophthalmological examination.
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Table 1. Presentation of ophthalmological parameters between the groups.

Myopia Subject
(n = 21)

Subject without
Refractive Error

(n = 19)

Side Mean SD Mean SD Test p

Refractive Error
(Dsph)

R −3.00 0.50
NA NA NA NA

L −3.00 1.50

Axial Length
(mm)

R 24.27 0.69 23.30 0.55 t 4.85 0.00 *
ES = 1.56

L 24.31 0.84 23.27 0.56 t 4.51 0.00 *
ES = 1.46

Retinal Thickness
(µm)

R 252.71 18.14 244.26 12.16 t 1.71 0.10
L 245.95 31.10 242.11 11.89 z 1.30 0.19

Choroidal Thickness
(µm)

R 349.05 82.86 343.32 82.53 t 0.22 0.83
L 322.86 83.71 328.89 84.29 t −0.23 0.82

Intraocular Pressure
(mmHg)

R 16.10 4.07 15.11 4.29 t 0.75 0.46
L 15.48 4.20 14.79 3.85 t 0.54 0.59

NA—not applicable; Dsph—diopters; R—right site; L—left site; mm—millimeters; µm—micrometers; mmHg—
millimeter of mercury; t—student t-test; z—Mann–Whitney U test; ES—effect size; *—significant difference.

After the initial measurements and qualification to the study, the study group consisted
of 21 women aged 24 years (±3 years) and 19 controls aged 23 years (±2 years). The groups
were not statistically significantly different regarding age and number of participants
(p = 0.25).

The study was conducted by the recommendations of the 1964 Declaration of Helsinki
and its 2013 Seventh Amendment. The study was approved by the local bioethics committee
(Bioethics Committee of the Medical University of Lublin, approval no KE-0254/229/2020).
All participants were informed of the objectives of the study. They could have withdrawn
at any stage of the examination. Each participant provided researchers with their writ-
ten consent.

2.2. Study Protocol
2.2.1. Assessment of Muscle Thickness

The cross-sectional thickness of the muscles was assessed using an M-Turbo ultrasound
machine equipped with a 15–6 MHz linear transducer with scan depth up to 6 cm (SonoSite
Inc, Bothell, WA, USA). During the examination, patients were lying down on the dental
chair in a horizontal position. The thickness of the masseter muscle was measured with an
ultrasound probe positioned perpendicular to the mandibular ramus and in the occlusal
plane [24]. The anterior part of the temporalis muscle was examined with a probe positioned
in front of the hairline, parallel to and 1 cm above the zygomatic arch, perpendicular to
the temporal bone [25]. The anterior belly of the digastric muscle was assessed with a
probe positioned in the middle between the hyoid bone and the mental protuberance,
perpendicular to the long axis of the muscle and the skin [26]. The thickness of the
sternocleidomastoid muscle was examined with a probe positioned perpendicular to
the long axis of the muscle and the skin, in the middle between the mastoid process
and the clavicular notch of the sternum [27]. The cross-sectional thickness of all the
examined muscles on both sides was measured in the relaxed mandible position with slight
contact between opposing teeth (Rest) and during maximum voluntary clenching (Clench)
(Figure 1). The whole procedure was performed twice for each patient. The thickness was
measured in the thickest part of the muscle on the scan, directly on the scanner screen
with 0.1 mm accuracy. The mean of the two measurements was included in the analysis.
All tests were taken by the same examiner (author M.W.).
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Figure 1. Example of an ultrasound examination of muscle thickness. (a) The temporalis muscle in
the relaxed mandible position with slight contact between opposing teeth; (b) the temporalis muscle
in the maximum voluntary clenching; (c) the masseter muscle in the relaxed mandible position with
slight contact between opposing teeth; (d) the masseter muscle in the maximum voluntary clenching;
line A-A—measuring line of the thickness of the muscle in the relaxed mandible position with
slight contact between opposing teeth; line B-B—measuring line of the thickness of the maximum
voluntary clenching.

2.2.2. Assessment of the Muscle Activity

Masticatory and neck muscle activity was performed using the 8-channel BioEMG III
electromyograph compatible with the BioPAK measurement system (BioResearch Asso-
ciates, Inc., Milwaukee, WI, USA). The subjects took a standardized position in the dental
chair [16,28]. The study was conducted between 8 and 12 a.m. The skin of the subjects
was cleaned with 90% ethanol, the surface of the electrodes placed on the skin (Ag/AgCl
with a diameter of 30 mm and a conductive surface of 16 mm—SORIMEX, Torun, Poland)
following the standards of the SENIAM program [29]. Placing electrodes was presented in
the earlier study by the authors [16].

Four muscle pairs were analyzed: the anterior part of the temporalis muscle (TA),
the superficial part of the masseter muscle (MM), the anterior belly of the digastric muscle
(DA), and the middle part of the sternocleidomastoid muscle belly (SCM) [16,28]. Surface
electrodes placement and electromyographic (sEMG) examination were taken by the same
physiotherapist (author G.Z.).

The electromyography study was performed with the subjects’ eyes closed. This was
dictated by the exclusion of the possible neurologic component [15–17]. The sEMG activity
was recorded during resting mandibular position for 10 s. The sEMG signals obtained
during the test were amplified and cleaned according to the previously described method-
ology [16]. The BioPAK Noise Tests were administered to all participants before and after
each measurement. Automatic processing of the sEMG signal based on a root mean square
calculation in BioPAK software produced an averaged measure of values, which then were
used for muscle-activity analysis (Figure 2).
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Figure 2. Example of the surface electromyography traces during resting activity.

2.2.3. Ophthalmic Examination
The Axial Length of the Eyeball

An IOL Master 500 (Carl Zeiss Meditec, Jena, Germany) was used to examine eyeball
length. It obtains data based on the optical path distance from the anterior surface of the
cornea to the retinal pigment epithelium. This device is used in clinical practice to calculate
the power of artificial intraocular lenses. The IOL Master 500 is a noninvasive test and uses
780 nm partial coherence interferometry to measure the eye’s axial length [30]. All tests
were taken by the same examiner (author A.M.-W.). All patients sat in front of the device
head, resting their chin and forehead against the tripod. Patients were asked to perform a
full blink just before the measurements were taken. This order was given to distribute an
optically smooth tear film on the cornea. The eyes were focused when the instrument head
was approximately 5.5 cm from the patient. Five separate measurements were taken and
averaged for axial length [31].

The Thickness of the Retina and Choroid

Optical coherence tomography (OCT) was used to determine the thickness of the retina
and choroid as well as to detect any possible changes in the macula. These measurements
are used in a wide range of ophthalmic examinations to determine the thickness, volume,
and structure of various retinal layers [32]. Chosen patients sat in front of the device
head, resting their chin and forehead against the tripod. The study was performed with
Optovue AngioVue (Fremont, CA, USA). To ensure the correctness, the cutoff point for scan
quality was 7/10. The retinal and choroidal thickness were measured in the fovea. Area-
identification and segmentation methods were automatically selected, and the thickness
of the retina was measured in 6 × 6 mm scans. The central macular thickness (CMT)
was characterized as the average thickness measured at the point of intersection of the
six radial OCT scans. It was automatically measured by the OCT mapping system in the
healthy eye. The central foveal thickness (CFT) was defined as the distance between the
vitreoretinal interface and the anterior surface of the retinal pigment epithelium (RPE) in the
center of fovea; this was measured manually and was also automated using the Optovue
AngioVue measurement software. Mean retinal thickness was noted at the central 1 mm.
This measurement was given by the automated software (Figure 3A) [33]. The choroidal
thickness (CT) was measured manually with the inbuilt caliper in OCT cross-sectional
scans. The CT measurement was performed perpendicular to the RPE, going from the
posterior RPE edge to the choroid–scleral junction in the center of the fovea (Figure 3B) [33].
The retinal and choroidal thickness measurements were performed at the same time of day
between 1 and 3 p.m. to eliminate the changes caused by the time of day. Evaluation of
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OCT scans and measurement of retinal and choroidal thickness were performed by two
independent readers (A.M.-W. and M.R.) [32,34] (Figure 3).
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Figure 3. Example of a study of retinal thickness (A) and choroidal thickness (B).

The Intraocular Pressure

The final test was taken to determine the intraocular pressure. It was performed at the
end of the whole examination so that the administered anesthesia and potential epithelial
defects would not affect other measurements. The intraocular pressure was measured with
a Tono-Pen XL (Medtronic Solan, FL, USA) in both eyes after the application of ALCAINE
0.5% (Alcon Laboratories Inc., Fort Worth, TX, USA). The apparatus was positioned ver-
tically to the anesthetized cornea. The device uses voltage micrometer technology and a
1.0 mm transducer tip. The tip of the tonometer compresses the cornea, and its resistance
depends on the pressure in the eyeball. The Tono-Pen XL gently shrinks the cornea and
displays an average of four independent readings and a statistical factor [35,36].

2.2.4. Statistical Analysis

For statistical analysis, IBM SPSS Statistics 13.3 program was used. First, the Shapiro–
Wilk test and the Kolmogorov–Smirnov test (with Lillierfors correction) were applied
to check the distribution. The Student’s t-test (t) or Mann–Whitney U test (z) was used
to compare the differences between ophthalmological parameters, bioelectrical tension,
and muscle thicknesses (TA, MM, SCM, and DA) in the study groups, depending on the dis-
tribution. The Spearman rho test (s) and r-Pearson test (p) (depending on the distribution)
were used to analyze the correlation between the length of the eyeball, reticular thickness,
choroidal thickness, intraocular pressure, and the thickness and bioelectrical tension of
selected muscles of the masticatory system and the cervical segment. The Spearman rho
test (s) and r-Pearson test varied between −1 (perfect negative monotonic association)
and +1 (perfect positive monotonic association). A correlation was considered large for
values greater than 0.5 and moderate for values between 0.3 and 0.5 [37]. Effect sizes were
determined for the t-test using the Cohen d method and interpreted as small (0.2), medium
(0.5), and large (0.8) effect sizes [38,39]. Statistical significance was set at p ≤ 0.05.
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3. Results

The groups differed significantly in the axial length of the eyeball. The other parame-
ters did not differ statistically (Table 1).

The results of the between-group analysis showed significant differences between
TA Rest R muscle thickness in clenching. A larger cross-sectional TA R was observed in
subjects with myopia. Moreover, a smaller SCM Rest R and SCM Clench R thickness was
also observed in subjects with myopia in comparison to women without the refractive error
(Table 2).

Table 2. Comparison of masticatory and cervical muscle thickness and activity between groups.

Myopia Subject
(n = 21)

Subject without
Refractive Error

(n = 19) Test p

Mean SD Mean SD

TA RestR (mm) 13.18 1.78 12.20 1.48 t 1.90 0.06

TA ClenchR (mm) 13.86 1.82 12.77 1.49 t 2.06 0.04 *
ES = 0.60

MM RestR (mm) 11.94 2.18 12.42 1.51 t −0.81 0.42
MM ClenchR (mm) 13.48 2.39 13.52 1.58 t −0.05 0.96

DA RestR (mm) 6.55 0.63 6.67 0.81 z −0.33 0.75
DA ClenchR (mm) 6.47 0.55 6.67 0.83 z −0.64 0.52

SCM RestR (mm) 9.36 1.37 10.25 1.37 t −2.05 0.04 *
ES = 0.65

SCM ClenchR (mm) 9.37 1.31 10.26 1.42 t −2.06 0.04 *
ES = 0.69

TAR (µV) 1.80 0.84 2.05 1.99 z 0.66 0.51
MMR (µV) 2.53 1.67 2.18 1.31 z 0.58 0.56
DAR (µV) 1.30 0.37 1.16 0.39 z −0.96 0.34

SCMR (µV) 1.70 0.75 1.93 0.76 z 1.57 0.12
TA RestL (mm) 12.25 1.78 12.20 1.90 z −0.03 0.98

TA ClenchL (mm) 12.88 1.87 12.80 2.00 z 0.22 0.83
MM RestL (mm) 12.43 2.30 12.69 1.55 z −1.02 0.31

MM ClenchL (mm) 13.78 2.40 13.75 1.53 z −0.03 0.98
DA RestL (mm) 6.70 0.97 6.56 0.75 t 0.37 0.71

DA ClenchL (mm) 6.61 0.98 6.58 0.74 t 0.09 0.93
SCM RestL (mm) 9.51 1.55 10.00 1.14 t −1.12 0.27

SCM ClenchL (mm) 9.56 1.55 9.99 1.15 t −1.00 0.33
TAL (µV) 1.90 0.93 2.30 1.80 z −0.35 0.72

MML (µV) 2.01 1.09 2.40 1.65 z −1.14 0.26
DAL (µV) 1.40 0.49 1.33 0.45 z −0.22 0.83

SCML (µV) 1.71 0.75 1.63 0.54 z 0.50 0.62

TA—the temporalis anterior; MM—the superficial part of the masseter muscle; SCM—the middle part of the ster-
nocleidomastoid muscle; DA—the anterior belly of the digastric muscle; R—right site; L—left site; µV—microvolt;
mm—millimeters; Rest—ultrasound muscles examination in the relaxed mandible position with slight contact be-
tween opposing teeth; Clench—ultrasound muscles examination in the maximum voluntary clenching; t—student
t-test; z—Mann–Whitney U test; ES—effect size; *—significant difference.

Correlation (right-hand) showed a negative correspondence between TA R bioelectrical
voltage and retinal thickness in the myopia group. In the group without refractive error,
co-correlations were observed between ocular length and MM Rest R and MM Clench R,
retinal thickness and SCM Rest R and SCM Clench, along with intraocular pressure and
SCM R bioelectrical activity (Table 3).
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Table 3. Presentation of the resulting right-hand correlations between groups.

Myopia
Subject

Subject without
Refractive Error

r p r p

Axial LengthR

(mm)

TA RestR (mm) 0.18 p 0.43 0.33 p 0.17
TA ClenchR (mm) 0.24 p 0.30 0.32 p 0.19
MM RestR (mm) 0.08 p 0.72 0.52 p 0.02 *

MM ClenchR (mm) 0.06 p 0.80 0.62 p 0.00 *
DA RestR (mm) 0.28 s 0.21 −0.05 p 0.85

DA ClenchR (mm) 0.18 s 0.43 −0.03 p 0.92
SCM RestR (mm) −0.23 p 0.31 −0.28 p 0.24

SCM ClenchR (mm) −0.23 p 0.32 −0.30 p 0.21
TAR (µV) −0.24 s 0.29 0.14 s 0.57

MMR (µV) 0.34 s 0.13 −0.03 s 0.90
DAR (µV) −0.23 p 0.32 0.20 s 0.41

SCMR (µV) 0.29 p 0.20 0.23 s 0.35

Retinal Thickness
R

( µm)

TA RestR (mm) 0.40 p 0.07 −0.15 p 0.53
TA ClenchR (mm) 0.38 p 0.09 −0.24 p 0.32
MM RestR (mm) −0.28 p 0.21 −0.17 p 0.49

MM ClenchR (mm) −0.09 p 0.69 −0.06 p 0.82
DA RestR (mm) −0.09 s 0.71 −0.03 p 0.89

DA ClenchR (mm) −0.13 s 0.59 −0.07 p 0.76
SCM RestR (mm) −0.26 p 0.25 −0.47 p 0.04 *

SCM ClenchR (mm) −0.25 p 0.27 −0.48 p 0.04 *
TAR (µV) −0.52 s 0.02 * −0.21 s 0.39

MMR (µV) −0.23 s 0.31 0.12 s 0.62
DAR (µV) −0.28 p 0.22 0.36 s 0.13

SCMR (µV) −0.03 p 0.91 0.07 s 0.77

Choroidal
Thickness R

( µm)

TA RestR (mm) 0.38 p 0.09 −0.17 p 0.48
TA ClenchR (mm) 0.37 p 0.10 −0.16 p 0.51
MM RestR (mm) −0.08 p 0.72 −0.33 p 0.17

MM ClenchR (mm) 0.02 p 0.92 −0.22 p 0.36
DA RestR (mm) −0.19 s 0.41 −0.13 p 0.59

DA ClenchR (mm) −0.28 s 0.23 −0.14 p 0.56
SCM RestR (mm) −0.09 p 0.69 0.18 p 0.46

SCM ClenchR (mm) −0.13 p 0.57 0.19 p 0.44
TAR (µV) 0.29 s 0.21 −0.28 s 0.24

MMR (µV) 0.19 s 0.41 −0.10 s 0.69
DAR (µV) 0.10 p 0.66 0.08 s 0.74

SCMR (µV) 0.37 p 0.09 −0.21 s 0.39

Intraocular
PressureR

(mmHg)

TA RestR (mm) 0.16 p 0.49 0.37 p 0.11
TA ClenchR (mm) 0.18 p 0.43 0.34 p 0.15
MM RestR (mm) −0.04 p 0.88 −0.07 p 0.78

MM ClenchR (mm) 0.09 p 0.70 −0.08 p 0.74
DA RestR (mm) 0.36 s 0.11 −0.14 p 0.58

DA ClenchR (mm) 0.40 s 0.08 −0.10 p 0.69
SCM RestR (mm) −0.23 p 0.31 −0.14 p 0.57

SCM ClenchR (mm) −0.23 p 0.31 −0.15 p 0.55
TAR (µV) 0.33 s 0.14 0.10 s 0.68

MMR (µV) 0.08 s 0.74 −0.31 s 0.19
DAR (µV) 0.17 p 0.46 0.07 s 0.78

SCMR (µV) −0.20 p 0.38 −0.49 s 0.03 *

TA—the temporalis anterior; MM—the superficial part of the masseter muscle; SCM—the middle part of the
sternocleidomastoid muscle; DA—the anterior belly of the digastric muscle; R—right site; µV—microvolt; mm—
millimeters; µm—micrometers; mmHg—millimeter of mercury; Rest—ultrasound muscles examination in the
relaxed mandible position with slight contact between opposing teeth; Clench—ultrasound muscles exami-
nation in the maximum voluntary clenching; s—the Spearman rho test; p—the Pearson test; ES—effect size;
*—significant difference.
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Correlation (left-hand) showed a correspondence between eyeball length and TA L bio-
electric active, between choroidal thickness and TA L and SCM L bioelectric active, between
intraocular pressure and DA Clench L in the myopia group. No left-hand correlations were
observed in the no-refractive-error group (Table 4).

Table 4. Presentation of the resulting left-hand correlations between groups.

Myopia
Subject

Subject without
Refractive Error

r p r p

Axial LengthL

(mm)

TA RestL (mm) −0.08 p 0.72 0.28 s 0.25
TA ClenchL (mm) 0.18 p 0.43 0.32 s 0.19
MM RestL (mm) 0.27 s 0.23 0.21 p 0.39

MM ClenchL (mm) 0.19 p 0.41 0.38 p 0.10
DA RestL (mm) 0.12 p 0.60 −0.22 s 0.37

DA ClenchL (mm) 0.06 p 0.79 −0.30 p 0.21
SCM RestL (mm) −0.23 p 0.33 0.03 p 0.91

SCM ClenchL (mm) −0.13 s 0.58 0.02 p 0.94
TAL (µV) −0.76 s 0.00 * 0.00 s 1.00

MML (µV) 0.03 s 0.91 0.21 s 0.38
DAL (µV) −0.12 s 0.61 0.43 p 0.07

SCML (µV) −0.37 s 0.10 0.36 s 0.13

Retinal ThicknessL

(µm)

TA RestL (mm) −0.16 s 0.48 −0.06 s 0.80
TA ClenchL (mm) −0.09 s 0.68 −0.03 s 0.92
MM RestL (mm) 0.21 s 0.37 0.00 p 1.00

MM ClenchL (mm) 0.10 s 0.68 0.03 p 0.89
DA RestL (mm) 0.07 s 0.76 0.04 s 0.86

DA ClenchL (mm) −0.05 s 0.83 0.01 p 0.98
SCM RestL (mm) −0.15 s 0.53 −0.10 p 0.68

SCM ClenchL (mm) −0.12 s 0.59 −0.11 p 0.65
TAL (µV) −0.26 s 0.25 −0.11 s 0.66

MML (µV) −0.17 s 0.45 −0.05 s 0.85
DAL (µV) 0.07 s 0.77 0.39 p 0.09

SCML (µV) −0.12 s 0.60 0.00 s 0.99

Choroidal
thicknessL

(µm)

TA RestL (mm) 0.06 p 0.80 0.17 s 0.48
TA ClenchL (mm) −0.15 p 0.52 0.09 s 0.73
MM RestL (mm) −0.19 s 0.40 −0.31 p 0.20

MM ClenchL (mm) −0.21 p 0.36 −0.20 p 0.41
DA RestL (mm) −0.18 p 0.42 −0.16 s 0.50

DA ClenchL (mm) 0.04 p 0.87 −0.22 p 0.36
SCM RestL (mm) −0.01 p 0.97 0.28 p 0.24

SCM ClenchL (mm) −0.04 s 0.88 0.29 p 0.23
TAL (µV) 0.53 s 0.01 * −0.27 s 0.26

MML (µV) 0.09 s 0.71 0.08 s 0.75
DAL (µV) 0.06 s 0.78 0.12 0.63

SCML (µV) 0.46 s 0.04 * 0.20 s 0.42
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Table 4. Cont.

Myopia
Subject

Subject without
Refractive Error

r p r p

Intraocular
Pressure L

(mmHg)

TA RestL (mm) 0.35 p 0.12 0.09 s 0.71
TA ClenchL (mm) 0.29 p 0.20 0.09 s 0.71
MM RestL (mm) −0.10 s 0.66 0.11 p 0.65

MM ClenchL (mm) 0.08 p 0.73 0.13 p 0.58
DA RestL (mm) 0.43 p 0.05 0.39 s 0.10

DA ClenchL (mm) 0.48 p 0.03 * 0.36 p 0.14
SCM RestL (mm) −0.13 p 0.58 0.08 p 0.75

SCM ClenchL (mm) −0.24 s 0.30 0.07 p 0.77
TAL (µV) 0.22 s 0.33 −0.11 s 0.65

MML (µV) −0.04 s 0.88 −0.08 s 0.73
DAL (µV) −0.31 s 0.17 0.06 p 0.79

SCML (µV) 0.16 s 0.50 −0.17 s 0.48

TA—the temporalis anterior; MM—the superficial part of the masseter muscle; SCM—the middle part of the
sternocleidomastoid muscle; DA—the anterior belly of the digastric muscle; L—left site; µV—microvolt; mm—
millimeters; µm—micrometers, mmHg—millimeter of mercury; Rest—ultrasound muscles examination in the
relaxed mandible position with slight contact between opposing teeth; Clench—ultrasound muscles exami-
nation in the maximum voluntary clenching; s—the Spearman rho test; p—the Pearson test; ES—effect size;
*—significant difference.

4. Discussion

This study is aimed to examine the correlations between masticatory and neck mus-
cle thickness and activity versus eyeball length, retinal thickness, choroidal thickness,
and intraocular pressure in healthy women versus women with myopia.

Subjects with myopia had lower SCM thickness compared to subjects without refrac-
tive error. In myopic subjects, single correlations were seen between eyeball length, retinal
thickness, choroidal thickness, intraocular pressure, and masticatory muscle bioelectrical
activity. There was a single correlation between muscle thickness during contraction and
intraocular pressure, and it was on the border of a medium-impact effect. In the group
without refractive error, correlations were observed with MM thickness versus ocular
depth length and SCM thickness, retinal thickness, and intraocular pressure versus SCM
bioelectrical activity.

The results obtained during the procedure confirm the interdependence between the
stomatognathic system and the organ of vision. The analysis was performed with closed
eyes in the test and control groups. This allowed the exclusion of the neurological compo-
nent [15–17], and therefore, the results should be considered as functional/biomechanical
or biochemical changes.

The standard for the axial length of the eyeball in healthy subjects is assumed to be
about 23.75 mm [40,41]. The axial length of the eyeball is 24 mm for low myopia (−6 D
< refractive error < 0 D), whereas the eyeball length for high myopia is approximately
30 mm (refractive error < −6 D) [42]. The study group included subjects with axial myopia,
and their eyeball length was above 24 mm (Table 1). The retinal thickness of both eyes in
the study group was greater than in the control group. According to a study by Zereid and
Osuagwu, the retinal thickness measured in the fovea in healthy subjects is 238.5 ± 8.4,
and in subjects with low myopia is 253.4 ± 8.4 at a mean age of 27 years [43]. Greater
retinal thickness in subjects with myopia compared to those without refractive error was
also recognized in the author’s study but did not reach the assumed level of significance.
(Table 1). The observed thicknesses were also similar. In healthy subjects, the normal
choroidal thickness is about 250 to 350 µm [44]. According to Hoseini-Yazdi’s studies,
the thickness of the choroid changes with the refractive error; myopia subjects had a thinner
choroid than people without refractive error [45]. This was seen unilaterally in the author’s
study (the left choroid was thinner) compared to the treatment group. According to the
research of Gupta et al., mean wake-up pressure was defined as 16.12 ± 2.94 for the group

28



J. Pers. Med. 2022, 12, 626

with myopia and 15.26 ± 2.74 for the group without refractive error [46]. Similar values
were achieved in the author’s study of higher intraocular pressure in patients with myopia
(Table 1). The above differences observed in the author’s study and the studies of other
authors indicate significant changes in the subjects whose eyes did not have refractive error
compared to the one with myopia. The main consideration should be whether the changes
in the visual system are primary or secondary compared to the changes in the myofascial
system. Changes in the axial length of the eyeball, retinal thickness, choroidal thickness,
and intraocular pressure may indicate a mechanical component [17].

The connection between the visual organ and the muscles of the chewing organ can
take place via a fascia network [17]. The Tenon’s fascia begins at the optic nerve sheath
deep inside the orbit. It divides in this area into two parts: the first one extends anteriorly
surrounding the eyeball up to the oculomotor attachment and further connects with the
conjunctiva [47]. The second part forms on the meatus of the oculomotor muscles. It further
connects to the orbital periosteum and the fascia of the eyelid elevator. This system of
connections lets the eyeball see the appropriate shape [48]. The Tenon’s fascia surrounds six
oculomotor muscles and connects with the fascia of the eyelid lever muscle [47,49]. It is not
possible to separate the function of the eye muscle from the action of the Tenon fascia [47].
For three-dimensional vision to occur, the eye muscles must constantly be active and per-
form movements to adjust the visual organ to the objects to be observed [48]. The correct
function of the optic organ and the axial length of the eyeball, the thickness of the retina,
the structure of the choroid, and the intraocular pressure may depend strongly on the
external and intraocular musculature. Muscle tension and its elasticity are related to fas-
cia [17,48]. Tenon’s fascia surrounds six oculomotor muscles and connects with the fascia of
the eyelid lever muscle [47,49]. The oculomotor belongs to the superficial musculoaponeu-
rotic system (SMAS), including the facial muscle [50]. SMAS is combined with epicranial
aponeurosis and successively with the cervical ligament. At the front, the SMAS connects
with the superficial fascia surrounding the platysma muscle [47,50]. The temporal parietal
fascia connects with the SMAS [51]. These connections can explain changes in the TA, MM,
SCM, and DA muscles. (Figure 4).

Figure 4. Scheme of anatomical compounds.

The difference in TA thickness between the two groups may be associated with greater
activation of these muscles in myopic subjects. What is also worth stressing is that uncor-
rected refractive errors very frequently coexist with headaches [52]. According to Marasini
et al., refractive and binocular vision abnormalities should be investigated in detail in all
patients with headaches [52]. One of the causes of headaches may be the activity of TA
and increased tension in the epicranial aponeurosis [53,54]. The statistically significant
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differences between groups in SCM thickness may be related to greater SCM muscle activity
in individuals with myopia. Patients often compensate for visual problems by leaning
towards the object or turning their heads from side to side. Moreover, individuals with my-
opia often protract the head and cervical spine, leading to increased tension in the thoracic
muscles, descending fibers of the quadriceps, scapular elevator, and sternocleidomastoid
muscles [55]. The head position and mandibular movements (lateral flexion and tilt) have
been perceived as the ones that affect SCM thickness and activity, especially in the clenched
state [56]. Headaches associated with increased TA activity, epicranial aponeurosis, and a
change in protracted alignment may be related to changes in proprioception. The cervical
proprioceptive system (CPS) consists of mechanoreceptors located in the deep cervical fas-
cia, ligaments, short cervical spine muscles, and intervertebral joints [57]. Information from
the cervical region is combined with information received from the vestibular bite [58,59].
The activity of the vestibular bite in people with nearsightedness is specifically linked to
the vestibulo-ocular reflex (VOR) [15,17]. People with myopia may experience changes in
their perception of visual data. These inputs play an important role in the maintenance
and modifications of muscle basal tone [60,61]. Afferent impulses from proprioceptors
cooperate with labyrinthine impulses to support oculomotor muscle activity through the
VOR [15]. The connection between the cervical region and changes in masticatory muscle
activity has been confirmed [62]. It is worth considering whether the changes in the cervical
area and tension of facial and cranial muscles are primary or secondary to the changes in
the visual system. The influence of myopia on TA, MM, SCM, and DA activity is still not
fully understood. An anatomical connection is undoubtedly discernible.

In subjects without refractive error, only unilateral correlations related to MM thickness
compared to eyeball length and SCM versus retinal thickness were noted. The unilateral
correlations may be related to a preference for the masticatory side [63,64]. Unilateral
stimulation could also transmit tensions via the above-mentioned fascial pathway. The phe-
nomenon needs further study.

The presented study has several limitations. Firstly, the group is homogeneous and
should be expanded to include the male population. Secondly, the size of the examined
group was small. Therefore, future studies should be prospectively examined on a larger
age-diverse population. Moreover, refractive errors are also linked to race [65,66]. The anal-
ysis in this study involved Caucasian women. Prospective studies should be conducted on
different races to compare their link. Thirdly, in the presented study, we used RDC/TMD
criteria. Diagnostic criteria for TMDs were changed to The Diagnostic Criteria for Temporo-
mandibular Disorders (DC/TMDs) in 2014. So far, DC/TMDs have not been translated
into Polish.

5. Conclusions

Refractive errors are related to differences in masticatory and neck muscle thickness
and activity. Bioelectrical activity within the temporalis anterior seems to be associated
with ocular length, retinal thickness, and choroidal thickness in women with myopia.
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Abbreviations

µm micrometers
µV microvolt
CFT central foveal thickness
Clench ultrasound muscles examination in the maximum voluntary clenching
CPS cervical proprioceptive system
DA anterior belly of the digastric muscle
Dsph Diopters
IOP intraocular pressure
L Left site
mm millimeters
MM the superficial part of the masseter muscle
mmHg millimeter of mercury
p Pearson test
R Right site
RDC/TMD Research Diagnostic Criteria for Temporomandibular Disorders
Rest ultrasound muscles examination in the relaxed mandible position with

slight contact between opposing teeth
s Spearman rho test
SCM middle part of the sternocleidomastoid muscle belly
sEMG surface electromyography
SMAS superficial musculoaponeurotic system
TA part of the temporalis muscle
TMD temporomandibular disorders
VOR vestibulo-ocular reflex
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17. Zieliński, G.; Filipiak, Z.; Ginszt, M.; Matysik-Woźniak, A.; Rejdak, R.; Gawda, P. The Organ of Vision and the Stomatognathic
System—Review of Association Studies and Evidence-Based Discussion. Brain Sci. 2022, 12, 14. [CrossRef]

18. Fiorucci, E.; Bucci, G.; Cattaneo, R.; Monaco, A. The Measurement of Surface Electromyographic Signal in Rest Position for the
Correct Prescription of Eyeglasses. IEEE Trans. Instrum. Meas. 2012, 61, 419–428. [CrossRef]

19. Czepita, M.; Czepita, D.; Safranow, K. Role of Gender in the Prevalence of Myopia among Polish Schoolchildren. J. Ophthalmol.
2019, 2019, 9748576. [CrossRef]

20. Czepita, D.; Mojsa, A.; Ustianowska, M.; Czepita, M.; Lachowicz, E. Role of Gender in the Occurrence of Refractive Errors. Ann.
Acad. Med. Stetin 2007, 53, 5–7.

21. Jones-Jordan, L.A.; Sinnott, L.T.; Chu, R.H.; Cotter, S.A.; Kleinstein, R.N.; Manny, R.E.; Mutti, D.O.; Twelker, J.D.; Zadnik, K.
CLEERE Study Group Myopia Progression as a Function of Sex, Age, and Ethnicity. Investig. Ophthalmol. Vis. Sci. 2021, 62, 36.
[CrossRef]

22. Bueno, C.H.; Pereira, D.D.; Pattussi, M.P.; Grossi, P.K.; Grossi, M.L. Gender Differences in Temporomandibular Disorders in Adult
Populational Studies: A Systematic Review and Meta-Analysis. J. Oral Rehabil 2018, 45, 720–729. [CrossRef] [PubMed]

23. Bagis, B.; Ayaz, E.A.; Turgut, S.; Durkan, R.; Özcan, M. Gender Difference in Prevalence of Signs and Symptoms of Temporo-
mandibular Joint Disorders: A Retrospective Study on 243 Consecutive Patients. Int. J. Med. Sci. 2012, 9, 539–544. [CrossRef]
[PubMed]
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Rechabilitacja 2017, 88, 6–11.
49. AlShareef, S.; Newton, B.W. Accessory Nerve Injury. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2022.
50. Whitney, Z.B.; Jain, M.; Zito, P.M. Anatomy, Skin, Superficial Musculoaponeurotic System (SMAS) Fascia. In StatPearls; StatPearls

Publishing: Treasure Island, FL, USA, 2022.
51. Davidge, K.M.; van Furth, W.R.; Agur, A.; Cusimano, M. Naming the Soft Tissue Layers of the Temporoparietal Region: Unifying

Anatomic Terminology across Surgical Disciplines. Neurosurgery 2010, 67, ons120–ons129. [CrossRef]
52. Marasini, S.; Khadka, J.; Sthapit, P.R.K.; Sharma, R.; Nepal, B.P. Ocular Morbidity on Headache Ruled out of Systemic Causes—A

Prevalence Study Carried out at a Community Based Hospital in Nepal. J. Optom. 2012, 5, 68–74. [CrossRef]
53. Bhatia, R.; Dureja, G.P.; Tripathi, M.; Bhattacharjee, M.; Bijlani, R.L.; Mathur, R. Role of Temporalis Muscle over Activity in

Chronic Tension Type Headache: Effect of Yoga Based Management. Indian J. Physiol. Pharm. 2007, 51, 333–344.
54. Bendtsen, L.; Fernández-de-la-Peñas, C. The Role of Muscles in Tension-Type Headache. Curr. Pain Headache Rep.

2011, 15, 451–458. [CrossRef]
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Abstract: Infectious keratitis is a severe infection of the eye, which requires urgent care in order to
prevent permanent complications. Typical cases are usually diagnosed clinically, whereas severe
cases also require additional tools, such as direct microscopy, corneal cultures, molecular techniques,
or ophthalmic imaging. The initial treatment is empirical, based on the suspected etiology, and is
later adjusted as needed. It ranges from topical administration of active substances to oral drugs, or
to complex surgeries in advanced situations. A novel alternative is represented by Photoactivated
Chromophore Corneal Collagen Cross-Linking (PACK-CXL), which is widely known as a minimally
invasive therapy for corneal degenerations. The purpose of this review is to identify the main
diagnostic and prognostic factors which further outline the indications and contraindications of
PACK-CXL in infectious keratitis. Given the predominantly positive outcomes in the medical
literature, we ponder whether this is a promising treatment modality, which should be further
evaluated in a systematic, evidence-based manner in order to develop a clear treatment protocol for
successful future results, especially in carefully selected cases.

Keywords: infectious keratitis; corneal ulcer; Photoactivated Chromophore Corneal Collagen Cross-
Linking; PACK-CXL

1. Introduction

Infectious keratitis is defined as a pathological process in the cornea, caused by the
presence of one or more pathogenic microorganisms. It is a medical emergency and if
left untreated, it can lead to many complications, including corneal thinning, scarring,
perforation, endophthalmitis, loss of sight, or even loss of the eye [1,2]. Unfavorable
prognosis is suggested by an ulcer involving the visual axis, the presence of a large infiltrate,
as well as low visual acuity at initial work-up, especially in the elderly [3]. The outcome
depends on establishing a prompt, correct diagnosis, and then on choosing the most suitable
intervention according to the causative agent [4].

Etiology can be either microbial (with bacteria, fungi, protozoa) or viral, and is pivotal
to deciding the right treatment plan [5]. Initial therapy is empiric, but absolutely mandatory,
because exacerbation is imminent, and diagnostic confirmation usually takes at least
48 h—wasted time being linked to a worse prognosis [1]. Depending on the causal agent,
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medical management includes topical administration of appropriate anti-infective drugs,
cycloplegics, as well as subconjunctival or intrastromal injections, and oral therapy in
selected cases. Surgical options consist of corneal biopsy, conjunctival flap, amniotic
membrane transplantation, and therapeutic keratoplasty, and are reserved for advanced
situations [1,6].

A viable therapeutic alternative is represented by Photoactivated Chromophore
Corneal Collagen Cross-Linking (PACK-CXL), a procedure based on the properties of
ultraviolet-A (UV-A) light radiations to photoactivate riboflavin (vitamin B2), leading to
both stiffening of the corneal stroma and inactivation of pathogens [2,7].

2. Materials and Methods

The purpose of this paper is to comprehensively review the medical literature on the
specific diagnostic and prognostic factors which dictate the indications and contraindi-
cations of PACK-CXL in infectious keratitis, while tracing the history, development, and
outcomes of this procedure over the last 15 years—from its first implementation until
27 July 2022.

Although corneal cross-linking represents an already recognized tool in ophthalmol-
ogy, it has not been widely established in general clinical practice yet, and it is still under
evaluation by the scientific community in the treatment of corneal infections. Therefore, we
believe such reviews are necessary until guidelines are thoroughly defined and applied.

In this regard, our search was conducted on PubMed and Google Scholar, on 27th of
July 2022, using the following keyword: ‘((corneal OR collagen) cross-linking OR photoacti-
vated chromophore OR CXL OR PACK-CXL) AND (keratitis OR corneal ulcer)’. We used
both MeSH (PubMed) and free-text vocabulary. In order to be as comprehensive as possible,
we included case reports, case series, clinical and epidemiological studies, reviews, and
meta-analyses dating as early as 2008, with significant impact, clear methodology, and
direct relevance to the subject, as appreciated by the authors of this paper (Figure 1). We
considered all articles available in English concerned with the assessment of PACK-CXL
in the context of infectious keratitis. We excluded articles about non-infectious keratitis;
keratitis caused by CXL; non-infectious corneal melting or ulcer; general reviews about
keratitis with brief mentioning of CXL; general reviews about cross-linking or the use
cross-linking procedure in the context of various corneal ectasias and other keratopathies;
combined CXL and surgical procedures; and cases pertaining to veterinary medicine. Of
the 337 papers screened, 55 have been included (Table A1).
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3. Results
3.1. The Challenge of Accuracy

The precise recognition of the pathogen is a process in itself and comprises multiple
steps. Clinical examination and microbiological techniques play a central role, but newer
investigation methods are emerging and could further complete the diagnostic picture [1].
However, it is important to note the fact that the standard approach is sometimes flawed,
considering that observable features do not always follow classical descriptions, that they
might be altered or combined in the presence of multiple microorganisms, that cultures
take a certain time to grow, and that microbiological detection is not guaranteed, given the
high percent of false negatives. Fortunately, the more severe cases, characterized by larger
lesions with higher microorganism densities, lead to greater positivity rates in both smears
and cultures [4]. Even so, findings in the medical literature indicate that more than 20% of
the cases are polymicrobial and more than 50% do not have a positive culture identification
of an infectious agent [6].

Upon presentation, previous ocular history might be suggestive of the cause. Contact
lens wear is frequently linked to a bacterial (Pseudomonas aeruginosa), fungal, or parasitic
infection (Acanthamoeba), and corneal lacerations with vegetal matter (i.e., branches,
leaves) may be complicated by a fungal infection [4]. A recent LASIK intervention points
towards certain atypical pathogens, including fungi (e.g., Exophiala dermatitidis), non-
tuberculous mycobacteria (e.g., Mycobacterium chelonae), and other bacteria (Nocardia,
but also methicillin-resistant Staphylococcus aureus or Streptococcus spp.) [6]. However,
symptoms are variable and rather non-specific, including decreased vision, discharge,
photophobia, tearing, and foreign body sensation with inconsistent levels of pain.

Slit-lamp examination usually reveals infiltrate(s), haze, edema or ulceration, with
particular characteristics depending on the cause. Typically, the infiltrate is localized,
round-shaped and well-defined in Gram-positive infections, but it is suppurative and
rapidly progressing in Gram-negative cases [1]. If it is determined by filamentous fungi, it
may appear as an elevated and dry lesion or as an endothelial plaque, but if it is due to
Candida, it may be a slowly evolving stromal lesion. Notably, herpetic ulcers are dendritic
or geographic, whereas Acanthamoeba induces irregularities in the epithelium [6]. The
stromal infiltrates caused by Gram-positive bacteria and Candida are distinct and white-
grey in color, whereas those caused by Gram-negative bacteria and Acanthamoeba usually
form an immune ring, and those by filamentous fungi have feathery borders and multiple
satellite lesions (the later also suggesting the appearance of Acanthamoeba infiltrates) [1].
Gram-positive keratitis presents with minimal haze, in contrast to Gram-negative cases,
whereas filamentous fungus infections develop endothelial plaques. Moreover, there
are individual characteristics pertaining to some species. Nocardia determines white,
numerous infiltrates, arranged in a wreath, with accompanying fine filaments towards
healthy cornea. On the other hand, non-tuberculous mycobacteria keratitis has been
described as having a ‘cracked windshield’ appearance. Microsporidium can be mistaken
for atypical adenoviral keratoconjunctivitis, due to its punctate epithelial lesions and
subepithelial scarring [6]. Viral keratitides are the most heterogeneous. The herpes simplex
virus itself determines either epithelial, stromal, endothelial or kerato-uveitic presentations,
whereas the varicella-zoster virus typically manifests as nummular keratitis [1].

Despite their detailed descriptions, these findings are not consistent and can be unreli-
able in clinical settings, as mentioned above. It has been shown that cornea-trained spe-
cialists correctly distinguish bacterial keratitis from fungal keratitis in 66% of the cases [8].
This is why the objective identification of the etiology through microbiology techniques
is oftentimes employed, and primarily consists of staining and microscopy examination,
cultures, and sensitivity testing [4]. Theoretically, this should represent the protocol in all
suspected infections [5], but most often, clinicians, through no fault of their own, resort
to treating the majority of cases empirically, based on experience. This is in part due to
the fact that the actual usefulness of additional diagnostic steps remains a controversial
topic, taking into consideration that they are more expensive and time-consuming, and that
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broad-spectrum antibiotics often lead to good outcomes, especially in small, superficial,
peripheral ulcers of non-traumatic origin [9]. Certain guidelines state that such investiga-
tions are only needed in advanced cases of keratitis, which involve the visual axis, consist
of large or multiple lesions, display atypical characteristics, appear in the context of recent
corneal surgery, or do not respond to broad-spectrum therapy [1], and several papers have
underlined that they are actually employed in only 5% to 15% of the cases [4].

In order to identify the pathogen, the first part is represented by corneal scrapings
under topical anesthesia, ideally after removing mucus and debris, primarily targeting
the lesion’s base and active borders [4]. Then, samples are smeared onto slides stained
with various substances and analyzed using direct microscopy. The most widely used
stains are Gram—for bacteria, Giemsa or potassium hydroxide (KOH)—for fungi, and
Calcofluor White Staining (CFW) or lactophenol for Acanthamoeba [9]. Gram is common
and well-standardized in classifying cocci and bacilli, but errors due to both logistics and
interpretation generate vast variability between laboratories, with reported sensitivity
ranging from 30% to 100%. In addition, there can remain unstained bacteria, such as
Mycobacterium spp. or Nocardia spp. Therefore, Ziehl-Nielsen (ZN) or Kinyoun (modified
ZN) could be necessary in selected cases [4]. On the other hand, yeasts, including Candida,
might be missed under Giemsa, or mistaken for artifacts [9].

The second use of corneal scrapings material is for cultures, which is the definitive
gold standard in current medical practice and should always include appropriate media
for both bacteria and fungi [4,9]. Apart from corneal scrapings, materials such as contact
lenses, their cases and cleaning solutions, or loose sutures on the eye surface, which have
been in direct contact with infected tissues, can also be cultured [4]. The positivity rate
varies greatly, similar to direct microscopy, and is influenced by multiple factors, such
as technical difficulties, delays, low pathogen load, clinical severity, or recent use of anti-
infective agents or of topical steroids [4–6]. In addition, pathogens have to be differentiated
from commensal microorganisms, using a multitude of criteria. Logistics include a variety
of well-defined protocols which can be employed, and they include direct and indirect
inoculations on solid agars or liquids [4]. For common bacteria, usual choices encompass
blood agar, chocolate agar, or brain–heart infusion at 37◦, whereas Mycobacterium grows
on Lowenstein–Jensen and Middlebrook media. Fungi can develop in similar conditions if
antibacterials are added, or can grow on Sabouraud dextrose agar. Acanthamoeba needs
non-nutrient agar, with an E. coli overlay [1,6]. Then, these media are incubated in strict
conditions for 1–21 days, and are re-examined daily for noticeable changes [9]. Typical
bacteria grow relatively fast, but Nocardia, Mycobacterium, fungi, and Acanthamoeba
require significantly more time, which can sometimes be unpredictably long [4].

Another point of discussion is concerned with antibiotic sensitivity and resistance, as
reactionary patterns to the readily available ophthalmic drugs are changing permanently [9].
However, laboratory methods determine systemic concentrations, rather than topical
ones, which can be confusing, as they do not take into consideration the direct route of
administration, the frequency of instillations, or the fortified forms used in ophthalmology.
Therefore, it is advisable that the treatment course should be planned by integrating both
microbiological data and timely assessments of the patients’ clinical evolution [4].

All the aforementioned information is directed towards the main diagnostic proceed-
ings in microbial infections, i.e., bacterial, fungal or parasite cases. As far as viral keratitis
is involved, diagnosis is usually clinical, given the particular appearance at the slit-lamp
and the additional presence of herpetic vesicles [1]. The arsenal for objective confirmation
is fundamentally different from that of other types of pathogens, and comprises of cultures
on Vero cell lines, direct antibody identification using fluorescence, and Polymerase Chain
Reaction (PCR) from active lesions or tears samples [5,6].

Consequently, the most common pathogens involved in keratitides are the following:

• Gram-positive bacteria: coagulase-negative staphylococci, Staphylococcus aureus,
Streptococcus pneumoniae;
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• Gram-negative bacteria: Pseudomonas aeruginosa, Enterobacteriaceae, Moraxella,
Haemophilus, Neisseria gonorrhoeae;

• acid-fast bacteria: Mycobacterium, Nocardia;
• filamentous fungi: Fusarium, Aspergillus, Curvularia, Alternaria;
• yeasts: Candida albicans, other Candida spp., Cryptococcus;
• fungi-like: Microsporidium;
• parasites: Acanthamoeba;
• viruses: HSV 1, CMV. VZV, Adenovirus [1,4,6].

In progressing non-responsive cases with previous sterile cultures, additional diag-
nostic techniques are employed. Corneal biopsy might be performed in order to gain
deeper access to corneal infiltrates and to facilitate histopathology analyses, apart from
direct microscopy and culturing, which clarifies a potential fungal or Acanthamoeba eti-
ology. However, clinicians should be wary of perforation risks, especially with thinning,
melting, or necrotic tissue [4]. Similarly, impression cytology could be used for the same
purposes, as it is especially helpful for fungi or parasite cases [6], whereas Transmission
Electron Microscopy (TEM) represents the gold standard for confirming the presence of
Microsporidium spores [1].

Moreover, PCR can also be used in all microbial infections, with faster results and
high sensitivity, including pathogens with slow and difficult growth on cultures. Its disad-
vantages include high equipment and training costs, the need to target microorganisms
specifically by picking the right primers, and lower specificity, as it does not discriminate
active from dead pathogens, or from background flora [1]. An alternative molecular diag-
nosis method is represented by mass spectrometry, which might play an important role in
identifying rare species [4]. Over time, more sophisticated techniques have been developed,
such as metagenomics next-generation sequencing (NGS), which is based on nucleic acid
amplification and shares similar working principles with PCR but is currently more suitable
to research than to clinical use [1].

Novel ophthalmic non-invasive imaging tools have been proposed within diagnostic
frameworks. For this scope, in vivo confocal microscopy (IVCM) has been used to generate
real-time images with a resolution of 1 µm, which is sensitive enough in order to identify
fungal filaments or parasitic cysts—but not smaller pathogens—anywhere in the depth of
the cornea. However, it is expensive, heavily operator-dependent, and it generates potential
errors due to artifacts [1,9]. Anterior Segment Optical Coherence Tomography (AS-OCT) is
a more accessible method, with excellent anatomical and pathological descriptions, as well
as precise quantitative data. It can be used in conjunction with biomicroscopy, when deep
ulcers or large infiltrates cannot be assessed properly and obscure deeper ocular tissues.
It offers valuable information on corneal thickness, which has been shown to fluctuate
proportionately with inflammation severity, and can therefore be useful in monitoring
progress, but cannot identify the responsible pathogen [4,10].

Lastly, Artificial Intelligence shows immense promise in analyzing images, with accu-
rate interpretations through the means of well-trained pattern recognition algorithms. Thus,
it can differentiate active lesions from corneal scars, or typical bacterial and fungal ulcers.
For the moment, the most important real-life utility could be the rapid screening, diagnosis,
and appropriate recommendation-making based on external photos of the eye, in the frame
of a telemedical service for communities with low access to an ophthalmologist [1].

3.2. The Challenge of Choice

It is important to underline the fact that successful treatment of infectious keratitis is
linked to the accurate identification of the responsible pathogen [4].

Therefore, typical treatment in bacterial cases consists of broad-spectrum antibiotics
with topical administration, which should be initiated empirically as soon as possible—
eventually, after collecting appropriate samples for laboratory analyses, if indicated. Gold
standard schemes include either fluoroquinolone monotherapy, or fortified combinations
of cephalosporins and aminoglycosides [1]. The subconjunctival route might be preferred
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in specific cases, when the risk of perforation is high or adherence issues might occur,
whereas systemic therapy is necessary if the infection keeps spreading towards adjacent
tissues. The two main medical alternatives have been shown to be similar in efficacy, and
the choice depends on clinical judgment, experience of the physician, and drug availabil-
ity [11]. However, growing resistance towards antibacterial substances represents a major
public health issue, posing a challenge in specific cases, especially those of staphylococcal
or Pseudomonas origin. The impact of this phenomenon is currently not as defined in
ophthalmology as it is in systemic infections, but prudence is advisable in order to prevent
a future decline in susceptibility to common antibiotics, especially in typical cases that are
relatively straightforward to treat in today’s climate [5].

On the other hand, fungal keratitis is medically cured with antimycotic therapy,
but generally has a worse prognosis compared to bacterial ulcers, due to lower drug
penetration levels, as well as diagnosis difficulties [1]. Topical administration includes
several alternatives, such as 5% natamycin or 1% itraconazole for filamentous fungi, and
0.15% amphotericin B or fluconazole for yeasts [6]. Intracameral or intrastromal injections
are useful in extended or non-responsive infections [1], and various oral triazoles are also
available [6].

An even more complicated situation is represented by Acanthamoeba infections,
as timely diagnosis and aggressive treatments are fundamental to satisfactory clinical
evolution. Combinations of medicine must be used, because an agent capable of eliminating
both trophozoites and cysts does not exist [1]. However, dibromopropamidine, hexamidine,
chlorhexidine, and polyhexamethyl-biguanide are acceptable topical options [6].

As far as viral keratitis is concerned, treatment remains controversial to some degree
and depends on the site of the infection. If only the corneal epithelium is affected, topical
therapy with acyclovir should suffice. However, if there is stromal involvement, topical
steroids are mandatory, with careful monitoring of local complications, especially a rise in
IOP [1,6].

Regardless of the cause, adjunctive therapy plays an additional role in catalyzing
the good clinical outcome of all cases. Regular debridement and saline instillations help
removing necrotic tissue and secretions, thus decreasing local pathogen load and increasing
treatment penetration [12]. Cycloplegics are prescribed in order to decrease synechiae
development and pain when there is remarkable inflammation in the anterior chamber.
On the other hand, the role of topical steroids in bacterial cases is unclear, the risk-benefit
balance is not yet calibrated by definitive evidence, and its use should be judicious and
dictated by case particularities, such as visual axis involvement, and an already good
response to antibiotic therapy [11].

Even with prompt medical treatment, results often remain poor due to complications,
and severe cases can lead to rapid deterioration, with no alternative other than surgical treat-
ment. This includes amniotic membrane transplantation and penetrating keratoplasty [1,6].
However, operating on an infected eye is especially risky and prone to complications and
failure, so that evisceration and enucleation are indicated in extreme cases where the visual
potential has been lost [12].

3.3. The Challenge of Novelty

In recent years, an alternative therapy has been proposed for infectious keratitis, rep-
resented by Corneal Collagen Cross-Linking (CXL). It has already been used with good
outcomes, as an adjuvant to antimicrobial therapy in patients with treatment-resistant
corneal infections, bacterial-only [13–17], fungal-only [18–20], in mixed bacterial-fungal
cases [2,21–25], or in Acanthamoeba infections [26–28]. Some investigators focused exclu-
sively on refractory corneal ulcers and found that cross-linking therapy is beneficial [29–32],
and that it can also markedly reduce healing time [33].

The effectiveness of CXL as a primary therapy has been shown both in animal mod-
els [34,35], and in clinical studies [36], but other authors argued that this approach has no
advantage over the standard treatment [37], and a recent randomized clinical trial under-
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lined that the clear benefit of CXL per primam therapy could not be yet proven, despite a
lower complication rate in the cross-linking-only group [38].

The advantages of this minimally invasive approach are reinforced by a study focused
on the one-year follow-up after CXL, which confirms the favorable prognosis long-term
post-procedure [39].

CXL uses riboflavin (vitamin B2) drops, which act as a chromophore, photoactivated
by UV-A radiations at 365–370 nm wavelength. Thus, free radicals are generated, pro-
moting both an increase in collagen fiber diameter, as well as the creation of additional
collagen-proteoglycan bonds in the corneal stroma. These new cross-links increase biome-
chanical stiffness, useful in the treatment of ectatic disorders of the cornea, markedly
keratoconus, which represents the most widely-known scope of this minimally-invasive
medical procedure [7,40,41].

In 2003, Wollensak, Sporl, and Seiler reported the preliminary successful results of
CXL in stopping keratoconus progression, in a non-randomized five-year study, using
a specific set of steps which would later be called “the Dresden protocol”: under sterile
conditions in the operating room, the central corneal epithelium is removed under local
anesthesia; 0.1% riboflavin solution is applied every 5 min for 30 min; then, 370 nm UV-A
irradiation begins, using a lamp, 1 cm away from the cornea, for 30 min, with an intensity
of 3 mW/cm2, translating to a total amount of energy of 5.4 J/cm2; finally, a bandage
contact lens is applied. Topical antibiotic drops are administered until reepithelialization is
noted [42]. In accordance with the Bunsen–Roscoe Law of Reciprocity of Photochemistry,
which asserts that the effects of UV-A radiation and the final dose of energy are directly
correlated, regardless of the combinations between illumination time and intensity of
light, as long as the total amount of energy remains the same [43], modifications to this
standardized model have been proposed. In order to improve efficiency in this rather time-
consuming technique, ophthalmologists employed UV-A rays of higher intensity, thereby
shortening the procedure and consequently decreasing the chance of corneal dehydration,
while increasing the comfort of both patient and doctor, with beneficial results without
supplementary risks [44].

Furthermore, an additional role of riboflavin in combination with UV-A light includes
pathogen inactivation, by inducing DNA damage in bacteria and viruses, to a degree which
appears to make it more difficult to repair (compared to degradation suffered by host
cells) [45], and also by increasing resistance against protein digesting enzymes, such as
collagenase, trypsin, and pepsin (similar to the metalloproteinases involved in corneal
ulcers) [46]. Clinically, this application has been demonstrated in transfusion medicine, by
microbial decontamination of blood products [47,48]. Interestingly, an initial variant of the
cross-linking procedure had actually been successfully employed by Schnitzler, Spoerl, and
Seiler in 2000, in the treatment of non-infectious corneal melting, even before the publication
of the classical Dresden protocol for CXL in keratoconus [42,49]. Furthermore, in 2008, Iseli
et al. conducted the first study to assess the efficacy of CXL in treatment-resistant microbial
keratitis, with promising results [50], and in 2012, Makdoumi et al. performed a pilot study
in order to evaluate CXL as primary therapy in bacterial keratitis, with no prior antibiotic
administration, with yet another favorable assessment [36].

Accelerated protocols have also been employed (either 9 mW/cm2 for 10 min,
18 mW/cm2 for 5 min, 36 mW/cm2 for 2.5 min), all reaching the same positive conclusions
towards a more efficient technique [51–54]. Further studies might bring other optimized
techniques, such as the positive link between higher UV fluence and increased levels of
microbial killing [28,55], as well as higher concentration of riboflavin [56].

Following all these advancements, at the 2013 meeting of the International Congress
of Corneal Cross-Linking in Dublin, a clear difference has been established between the
treatment technique in keratoconus (from then on, simply called Corneal Cross-Linking
or CXL) and the treatment of infectious keratitis (from then on, called Photoactivated
Chromophore for Infectious Keratitis or PACK-CXL) [7].
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Additional indisputable advantages are represented by the fact that PACK-CXL does
not further contribute to antibiotic resistance, as corneas are considered sterile after the
procedure. Along with the financial benefits, there were reductions across three areas: cost
of medication itself, number of follow-ups, and potential hospitalizations [25,52]. Another
interesting finding is that, apart from the great clinical feedback, there is electrophysiological
proof that cross-linking does not damage the retina and the optic nerve [57].

However, success rates might be unequal among pathogen types, with Gram-negative
bacteria being the most susceptible and fungi, the least [58]. Antibiotic resistance does not
seem to be correlated with photooxidative stress resistance [59]. One recent meta-analysis
underlined rigorous evidence in case of bacterial infection, suggesting further inquiries are
needed for those of fungal, parasite, or viral origin [60]. On the other hand, other reviews
raised concerns about the deep clinical and methodological heterogeneity of the available
literature, and actually refrained from drawing definitive conclusions [61,62].

Among potential complications of PACK-CXL, a meta-analysis noted corneal edema,
loss of endothelial cells, and disease progression with decompensation, leading to perfora-
tion in rare cases. This might be influenced by the corneal depth of the infiltrates, as more
than 250 microns increase both the risk of endothelial cell loss and resistance to the effect of
PACK-CXL [63,64]. It is essential to take note of the fact that the procedure itself could fa-
cilitate infections, considering that the step of epithelial debridement removes the physical
barrier of the cornea, thus exposing it to contagious agents [65]. Moreover, this procedure
is cytotoxic to keratocytes, up to 300 microns, but especially in the first 100 microns, which
absorb half of the total energy [66]. A major observation is the reactivation of previous
herpes simplex keratitis following CXL, which makes it a contraindication [24,63], thus
illustrating the importance of an accurate diagnosis.

Additional concerns have been expressed regarding the efficiency of PACK-CXL as
primary treatment in fungal keratitis, as it might not lead to expected outcomes in deep
stromal infections [58,67,68], by either not showing clinical advantages over conservative
therapy [69,70], or even by leading to worse results when compared to medication [71,72].
However, these negative outcomes have been highly debated by scientists in the field [73,74].
Therefore, conclusions remain unclear.

Important differences have also been found among re-epithelization periods for differ-
ent microorganisms. Whereas ulcers of bacterial origin can heal in as fast as 3 days, fungal
and protozoa keratitides can take much longer (up to more than 100 days). Among bacteria,
Mycobacterium is the most problematic, also needing more than 100 days for the corneal
wound to close [63].

On the other hand, a recent randomized, prospective, phase 3 trial published in 2022
by Hafezi et al. underlined no difference in major complications between medically treated
patients and the cross-linking group [25]. Given the complexities of these conflicting
literature findings, more inquiries are needed in order to assess these problematic aspects,
as already suggested by previous studies [66,75].

4. Discussion

It is known that infectious keratitis is a potentially dangerous condition, in which the
precise diagnosis and accurate treatment are paramount. In addition, appropriate timing
is of utmost importance in order to prevent eye-threatening complications. However, the
gold standard therapy is well-established, and it renders good results in a majority of cases.
Therefore, we raised the question if there is a place for PACK-CXL in everyday medical
practice by identifying its possible indications and contraindications, from diagnostic and
prognostic points of view.

As shown above, the medical literature confirmed the efficacy of PACK-CXL in a
variety of case series and small studies conducted by multiple physicians throughout the
world. Consequently, we attempted to identify a string of common particularities in a
majority of these cases, regarding diagnosis difficulties (Table 1).
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Table 1. Relevant causes for diagnostic failure.

Diagnostic Difficulties

Repeated sterile cultures, either caused by unsuitable previous use of anti-infective medicine, or
by the supposed presence of fastidious or rare pathogens

Polymicrobial infections, in which some of the responsible agents are not identified
Lack of access to advanced diagnostic techniques, either caused by lack of funding, available

technology, or trained specialists

In addition, we also underline a variety of prognostic factors, shared among many of
the situations when cross-linking was used (Table 2).

Table 2. Clinical scenarios where CXL was employed.

Clinical Scenarios

Severe, advanced cases, with late presentation
Cases non-responsive to usual therapy, progressive despite correct medical treatment

Infections involving the visual axis
Cases with ominous signs of imminent complications

Moreover, by applying similar reasoning, we propose several scenarios when PACK-
CXL could be indicated (Table 3).

Table 3. Possible PACK-CXL indications.

PACK-CXL Indications Reasoning

Polymicrobial infections, even if not all of them
have been identified

To reduce treatment costs, to improve
adherence and, ultimately, to spare the patient

from the exposure to multiple potent drugs
and their possible adverse effects

Documented resistance to the available
anti-infective agents, or remarkable shifts in

local susceptibility patterns

To obviate potential future issues in the
community

Corneal ulcers following trauma with
significant contamination To reduce microbial load as quickly as possible

Patients with severe keratitis and monocular
vision To reduce microbial load as quickly as possible

Allergies, sensitivity, or contraindications to
the recommended medical therapy

To help preserve the ocular surface and to
reduce the inflammatory response

History or suspicion of poor adherence To reduce the need for long-term therapy
Vulnerable populations (pregnant women,

elderly patients)
for whom potent systemic therapies or

surgeries could be detrimental

However, contraindications of this procedure are not as clear, and neither is their
absolute or relative nature. Some of them can be derived from the exclusion criteria of the
initial study of safety of CXL in corneal dystrophies [76] (Table 4).

We must acknowledge the fact that this randomized clinical trial, which led to the FDA
approval of Corneal Collagen Cross-Linking in the treatment of keratoconus, only excluded
certain patient categories, considered at risk for complications or therapeutic failure. It
has not explicitly demonstrated that these criteria also translate to contraindications. For
instance, later studies extended the age range to 8-year-olds [43], and further input is
needed in order to confirm each criterion and to define even more precise parameters,
based on indisputable evidence.

Other contraindications of PACK-CXL in the context of corneal ulcers, as mentioned
above in the review section, are keratitis of a viral cause that infiltrates deeper than
250 microns.
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Table 4. CXL contraindications.

PACK-CXL Contraindications

Allergies, sensitivity, or contraindications to riboflavin, to local anesthetics, or to any other
materials used during the procedure

Corneal thickness of less than 375 microns, before debridement of the epithelium
History or likelihood of delayed corneal wound healing

Significant corneal scarring or opacification
History of viral keratitis

Aphakia, or pseudophakia with a non-UV-blocking lens
Nystagmus, or any disorder which might interfere with a steady gaze

Pregnancy or nursing
Age under 12 years old

Considering the current medical climate, which has been built on evidence over the
last decades and is dominated by protocols, a multitude of reservations about PACK-CXL
occur, halting its large adoption in the treatment of microbial keratitis, at least for the
moment. Some reasons for this reluctance include the lack of systematic research and
the lack of official approval from international regulatory organisms. These two main
arguments are doubled by occasional publication of papers with questionable research
methodologies, heterogeneous results, lack of reproducibility, and surrounding controversy,
which makes conclusions harder to draw. This uncertainty is especially relevant when the
cross-linking procedure comes into discussion for the most difficult and advanced cases,
where the treatment course has to be chosen carefully in order to prevent the imminent
ocular damage.

It is still unclear if PACK-CXL should be used per primam, without recent history of
medical treatment failure, or in relatively mild cases. Moreover, it has not yet been tested
in certain populations, such as young children or pregnant patients, which might benefit
from it (at least in comparison to surgery). However, it is important not to fall into the trap
of picking a novel procedure for the sake of novelty only, especially until safety is assured.
There are still many unanswered questions: Should this be an adjuvant to antimicrobial
treatment, or be used per primam? What would the indications and contraindications be in
relation to corneal thickness? What kind of protocol (standard, intermediate, fast) is best
suited? What kind of riboflavin should be used to maximize results? How many times
can the procedure be repeated? Under which conditions should patient from vulnerable
populations receive this therapy?

The strengths of this paper consist of a thorough inquiry of available research informa-
tion, culminating in the most cohesive list of potential indications and contraindications
of PACK-CXL in infectious keratitis at the moment (as far as we managed to find through
our review), based on critical thinking and appraisal; a well-defined keyword and search
framework, facilitating a precise exploration of medical literature on the chosen subject,
suitable for the academic purpose of this investigation; the large number of screened arti-
cles, which helped to trace the development of cross-linking back to its inception; and a
comprehensive review of the diagnostic and prognostic factors of infectious keratitis, and
an extensive description of CXL, including history, working mechanisms, various protocols,
and results and weaknesses, which creates a greater perspective on the topic.

The limitations include the narrative nature of the review, which does not comply with
PRISMA guidelines and is prone to subjectivity issues; the lack of in-depth mentions, analyses,
and comparisons of methodology for the papers included in this review; and the absence of
statistical confirmation for our descriptive observations and qualitative conclusions.

5. Conclusions

PACK-CXL represents a promising treatment for microbial keratitis, with multiple
significant advantages—it is not influenced by the type of pathogen and its characteristics
(including resistance to medication), it is minimally invasive, easy and safe to perform, and
it leads to great clinical and imaging outcomes, with decreased costs and increased patient
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comfort. Over the following years, it could become an effective and well-established tool
in battling difficult cases, minimizing or even removing the need for surgery, as well as
preventing other serious sequelae, such as corneal perforation. It is believed to represent
an effective, safe alternative to traditional medical treatment, yet more systematic research
is needed in order to establish the exact indications and the specific protocols.
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Appendix A

Table A1. Complete list of papers included in the review.

Authors Date Published Journal

B. Knyazer et al. April 2018 Cornea

D. Tabibian et al. December 2014 J. Refract. Surg.

I. R. Barac et al. March 2021 Exp. Ther. Med.

O. Richoz et al. 2014 J. Refract. Surg.

J. B. Tayapad et al. July 2013 Curr. Opin. Ophthalmol.

P. Garg et al. January 2017 Middle East Afr. J. Ophthalmol.

R. Sorkhabi et al. February 2013 Int. Ophthalmol.

R. Shetty et al. August 2014 Br. J. Ophthalmol.

B. I. Ramona et al. January 2016 Rom. J. Ophthalmol.

D. G. Said et al. 2014 Ophthalmology

E. A. Awad et al. 2020 Int. J. Ophthalmol.

R. Deshmukh et al. October 2019 Indian J. Ophthalmol.

R. Awad et al. April 2022 Eur. J. Ophthalmol.

S. A. Davis et al. June 2020 Cochrane Database Syst. Rev.

L. Papaioannou et al. January 2016 Cornea

T. C. Y. Chan et al. December 2015 Acta Ophthalmol.

E. Erdem et al. June 2018 Mycopathologia

M. Zamani et al. January 2015 J. Ophthalmic Vis. Res.

J. L. Alio et al. 2013 J. Ophthalmic Inflamm. Infect.

M. Uddaraju et al. July 2015 Am. J. Ophthalmol.

Á. Arance-Gil et al. 2014 Cont. Lens Anterior Eye

M. O. Price and F. W. Price et al. 2016 Curr. Opin. Ophthalmol.

P. Rosetta et al. December 2018 Case Rep. Ophthalmol. Med.

N. V. Prajna et al. July 2021 Cornea

A. Yagci et al. October 2016 Exp. Clin. Transplant.

N. V. Prajna et al. February 2020 Ophthalmology

A. Abbouda et al. April 2018 Semin. Ophthalmol.

O. Zloto et al. August 2018 J. Refract. Surg.
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Table A1. Cont.

Authors Date Published Journal

K. Tal et al. July 2015 Cornea

T. M. Ferrari et al. April 2009 Eur. J. Ophthalmol.

K. Bilgihan et al. August 2016 Curr. Eye Res.

R. B. Vajpayee et al. March 2015 Clin. Experiment. Ophthalmol.

A. Wei et al. July 2019 Graefes Arch. Clin. Exp. Ophthalmol.

S. Kling et al. August 2020 Cornea

M. Nateghi Pettersson et al. September 2019 Am. J. Ophthalmol. case reports

P. Basaiawmoit et al. 2018 Cornea

F. Hafezi et al. January 2022 Eye Vis. 2022 91

D. Tabibian et al. January 2015 J. Ophthalmic Vis. Res.

E. A. Idrus et al. November 2019 Acta Ophthalmol.

D. S. J. Ting et al. October 2019 Ocul. Surf.

N. Kasetsuwan et al. May 2016 Am. J. Ophthalmol.

A. Panda et al. October 2012 Cornea

M. O. Price et al. October 2012 J. Refract. Surg.

K. Makdoumi and A. Bäckman et al. September 2016 Clin. Experiment. Ophthalmol.

D. S. J. Ting et al. August 2020 Ophthalmology

D. Singhal et al. January 2021 Ophthalmology

A. Skaat et al. July 2013 Eur. J. Ophthalmol.

G. Galperin et al. February 2012 Cornea

E. Chan et al. September 2014 J. Cataract Refract. Surg.

S. H. Watson et al. March 2022 Am. J. Ophthalmol. case reports

A. Saglík et al. November 2013 Eye Contact Lens

S. Bamdad et al. March 2015 Cornea

H. P. Iseli et al. June 2008 Cornea

N. Al-Sabai et al. 2010 Bull. Soc. Belge Ophtalmol.

K. Makdoumi et al. January 2012 Graefes Arch. Clin. Exp. Ophthalmol.
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Abstract: The aim of this study is to develop an AI model that accurately identifies referable ble-
pharoptosis automatically and to compare the AI model’s performance to a group of non-ophthalmic
physicians. In total, 1000 retrospective single-eye images from tertiary oculoplastic clinics were
labeled by three oculoplastic surgeons as having either ptosis, including true and pseudoptosis, or
a healthy eyelid. A convolutional neural network (CNN) was trained for binary classification. The
same dataset was used in testing three non-ophthalmic physicians. The CNN model achieved a
sensitivity of 92% and a specificity of 88%, compared with the non-ophthalmic physician group,
which achieved a mean sensitivity of 72% and a mean specificity of 82.67%. The AI model showed
better performance than the non-ophthalmic physician group in identifying referable blepharoptosis,
including true and pseudoptosis, correctly. Therefore, artificial intelligence-aided tools have the
potential to assist in the diagnosis and referral of blepharoptosis for general practitioners.

Keywords: artificial intelligence; blepharoptosis; general practitioners; computer-aided diagnosis
(CAD)

1. Introduction

Blepharoptosis, also known as ptosis, is the drooping or inferior displacement of the
upper eyelid. Ptosis can obstruct the visual axis and affect vision and can be a presenting
sign of a serious medical disorder, such as ocular myasthenia [1], third cranial nerve
palsy [2], or Horner syndrome [3]. It is important for general practitioners to accurately
diagnosis ptosis to assist in decision making for referral and work up when necessary.
Ptosis is diagnosed by using a ruler and light source to measure the distance between the
pupillary light reflex and the upper eyelid margin (margin reflex distance 1, or MRD1)
with the eyes in the primary position [4]. With low repeatability and reproducibility in
measuring eyelid landmarks and the effect of learning curves [5,6], accurately recognizing
ptosis is challenging especially for non-ophthalmologists. Therefore, an automated tool for
ptosis diagnosis may be useful for general practitioners.
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Currently, artificial intelligence (AI)-aided diagnostic tools play a promising role
in the automatic detection of certain diseases, such as diabetic retinopathy [7] and skin
cancer [8] from retinal fundus and skin images, respectively. Convolutional neural network
(CNN)-based deep learning methods, a subset of machine learning techniques, have been
the state of the art in AI for years, leading to enhanced performance in various medical
applications [9]. It requires less supervision and uses an end-to-end learning mechanism to
map raw inputs, such as image pixels, to outputs without human-directed manipulation of
data [10]. The image-to-classification approach in one classifier replaces the multiple steps
of previous image analysis methods [11].

In a previous study [12], a variety of CNN architectures, such as VGG-16 [13], ResNet [14],
and DenseNet [15], diagnosed true blepharoptosis without any inputs of eyelid measurements
from a clinical photograph, achieving a high accuracy of 83.3% to 88.6%. In this study, we
further trained an AI model using the VGG-16 architecture with larger and more diverse
datasets to accurately diagnose blepharoptosis and compared the AI model’s performance
to a group of non-ophthalmic physicians. Our goal was to determine if our AI model could
outperform physicians to support the need for an AI tool to diagnose blepharoptosis.

2. Materials and Methods
2.1. Image Preparation

Original photographs, taken by a hand-held digital camera (Canon DIGITAL IXUS 950
IS) at a tertiary oculoplastic clinic of adult patients over 20 years old, were retrospectively
collected over the past 20 years for surgical evaluation. A total of 1000 images were used
in this study. IRB approval was granted for this study by Stanford University, and the
research was conducted in accordance with National Taiwan University IRB protocol.

In order to crop a standardized image of a single eye, OpenFace [16], an open-source
package, was utilized to identify major facial landmarks in each photograph. Cropped single-
eye images were 400 × 600 pixels individually and were then resized to 200 × 300 pixels,
matching the input size, which was ready to be used in the CNN architectures.

2.2. Inclusion and Exclusion

After cropping, the photographs involved only the periocular region of a single eyes
Figure 1. The appearance of a healthy eyelid is illustrated in Figure 1a. The referable
ptosis group included mild ptosis, severe ptosis, and pseudoptosis (dermatochalasis), a
condition in which excess upper eyelid skin overhangs the eyelid margin Figure 1b. Upper
eyelid retraction was excluded Figure 1c. Poor quality images, including uncentered visual
fixation, uneven curves of the upper eyelids, and blurred upper eyelid margins due to
dense eyelashes, were excluded. A total of 1000 images were evaluated and 218 images
were removed, leaving 782 images for use in this study.

Figure 1. Healthy (a), referable ptosis (b), and excluded (c) group (right eyes).

The brow region was not included in the photographs; therefore, brow ptosis was not
excluded. Exact measurements, such as margin to reflex distance 1 (MRD-1), MRD-2 [17,18],
levator function [19], or palpebral aperture [20], were not provided. The condition of the
other eye and the history of the patients were withheld.
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2.3. Annotations for the Ground Truth

Two labelers, both oculoplastic surgeons, achieved an 82% consensus rate in discussion
meetings. The major reasons for their disagreements were decisions about healthy eyelids
and mild ptosis. To lessen spectrum bias, a third senior oculoplastic surgeon, as an arbiter,
yielded the decisive answer for these disagreements, which included 24 images. Figure 2
shows the voting system, with 593 images (accounting for 75%) in the referable ptosis
group and 189 (25%) images in the healthy group.

Figure 2. Flowchart for data labeling.

2.4. Data Allocation for Training, Validation, and Testing

A total of 50 images, including 25 healthy eyelids and 25 ptotic eyelids, were randomly
selected into testing datasets. The same testing datasets were used to test the AI model
and the physician group. The rest of the photographs were then divided into training and
validation datasets with the ratio of 8:2 Table 1.

Table 1. The number of images in the training, validation, and testing set.

Training Validation (for Training) Testing

Referable ptosis group 455 113 25
Healthy group 132 32 25

2.5. Model Architecture and Training

VGG-16 was used as the base structure [13,21]. The last few layers of VGG-16′s
architecture were replaced with a global max pooling layer followed by fully connected
layers and a sigmoid function for our binary classification problem. In order to reduce
memory usage, the size of the input images was adjusted to 200 × 300 pixels. The details
of our model architecture can be seen in Table 2.
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Table 2. Structure of the model.

Input Size Layer Output Size Number of
Feature Maps Kernel Size Stride Activation

- Image 200 × 300 × 3 - - - -

200 × 300 × 3 Convolution 200 × 300 × 64 64 3 × 3 1 ReLU

200 × 300 × 64 Convolution 200 × 300 × 64 64 3 × 3 1 ReLU

200 × 300 × 64 Max pooling 100 × 150 × 64 64 - 2 -

100 × 150 × 64 Convolution 100 × 150 × 128 128 3 × 3 1 ReLU

100 × 150 × 128 Convolution 100 × 150 × 128 128 3 × 3 1 ReLU

100 × 150 × 128 Max pooling 50 × 75 × 128 128 - 2 -

50 × 75 × 128 Convolution 50 × 75 × 256 256 3 × 3 1 ReLU

50 × 75 × 256 Convolution 50 × 75 × 256 256 3 × 3 1 ReLU

50 × 75 × 256 Global max pooling 1 × 256 - - - -

1 × 256 Fully connected 1 × 512 - - - ReLU

1 × 512 Fully connected 1 - - - Sigmoid

2.6. Transfer Learning and Data Augmentation

Transfer learning was performed by importing weights trained on ImageNet [22]. Ten-
sorflow 2.0 with Keras was used as our training framework. For learning rate optimization,
Adam optimizer was applied [21]. Data augmentation was also used to prevent overfitting.
The transformations of photographs included:

• Images flipped horizontally;
• Random image rotations of up to 15 degrees;
• Random zooms in or out between the range of 90% to 120%;
• Adjusted brightness/contrast by 50%;
• Images shifted horizontally or vertically by 10%.

2.7. Testing in Non-Ophthalmic Physician Group

Three specialists, one each from emergency medicine, neurology, and family medicine,
were tested on behalf of the non-ophthalmic physician group. The clinical experience
of each of the three physicians was over five years. The same testing set, including 25
healthy eyelids and 25 ptotic eyelids, was given to the group to distinguish ptotic eyelids
from healthy eyelids. No other information, such as MRD-1 measurements, the condition
of the other eye, or patient histories, were provided. Moreover, no further training on
blepharoptosis diagnosis was given. The decision making relied on each physician’s
personal background knowledge.

3. Results

There were 45 correct predictions, including 22 healthy and 23 ptosis answers, by the
CNN model from a total of 50 testing images. The accuracy of the AI model was 90%, with
a sensitivity of 92% and a specificity of 88%. Three false positives and two false negatives
were found.

3.1. Confusion Matrix and ROC Curve

The confusion matrix with a 0.5 threshold setting is shown in Figure 3. The receiver
operating characteristic (ROC) curve is presented in Figure 4. The area under the curve
(AUC) was 0.987. The mean accuracy of the non-ophthalmic physician group was 77.33%
(range: 70–82%) with a mean sensitivity of 72% (range: 68–76%) and a mean specificity of
82.67% (range: 72–88%), as seen in Figure 5.
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Figure 3. Confusion matrix. The threshold is 0.5.

Figure 4. ROC curve. The area under the curve (AUC) is 0.987.

Figure 5. Performance comparison.

3.2. Grad-CAM Results

Gradient-weighted class activation mapping (Grad-CAM) [23] was applied to visualize
the AI model. The result showed that the weight in the background was around 0~0.2. In
the ptotic eyelids, the area between the upper eyelid margin and the central cornea light
reflex showed the highest weight, around 0.5~1.0 (Figure 6).
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Figure 6. Original images and Grad-CAM results of the AI model predictions. Ptosis (upper),
pseudoptosis (middle), and healthy eyelids (lower). Grad-CAM results have been merged with
original images.

4. Discussion

It is important for general practitioners to promptly diagnose and refer eyelid ptosis,
including pseudoptosis, to ophthalmic specialists for further evaluation, work up, and
treatment. Pseudoptosis is a heterogeneous group of disorders where the upper eyelid
can drop in the absence of pathology of the upper eyelid muscles [24]. Dermatochalasis is
likely the most common eyelid condition that causes confusion when evaluating a patient
with apparent ptosis. Excess upper eyelid skin may overhang the eyelashes and obstruct
the visualization of the eyelid margin, giving the impression of a low-lying eyelid. In
a previous proof-of-concept study, we demonstrated that an AI model could detect true
ptosis from healthy eyelids [12]. In this study, we evaluated true ptosis and pseudoptosis
versus health eyelids, applied a larger dataset of 782 images, and compared the AI model
performance to non-ophthalmic physicians. Our results demonstrate that the AI model
achieved an accuracy of 90%, with 92% specificity and 88% sensitivity. Additionally, the AI
model performed well even when including pseudoptosis cases, which better mimic the
real clinical situation in primary care.

A non-ophthalmic group of three physicians, including experts in family medicine,
neurology, and emergency medicine, were chosen as a comparator group. The family
medicine doctor represented general practitioners who are commonly the first line in
seeing and diagnosing age-related and systemic causes of ptosis. The neurologist was
selected due to specialized training in diagnosing ptosis, particularly related to neurologic
or myogenic causes. Finally, the emergency medicine doctor was selected due to expertise
in diagnosing acute causes of ptosis, such as Horner syndrome, third nerve palsy [25],
or trauma. Hence, our non-ophthalmic group had previous experience in identifying
blepharoptosis. Our results demonstrate a mean accuracy of 77.33% (range: 70–82%), with
a mean sensitivity of 72% (range: 68–76%) and a mean specificity of 82.67% (range: 72–88%)
in the non-ophthalmic physician group, while the AI model achieved an accuracy of 90%,
with a sensitivity of 92% and a specificity of 88%. These results suggest that an AI-aided
diagnostic tool can accurately detect blepharoptosis and prompt referral for ophthalmic
evaluation when necessary.

CNNs (convolutional neural networks) have achieved great success in image classifica-
tion. For example, in the current largest image classification dataset classification challenge,
ImageNet, all models with top performance used CNN architectures. The general trend is
that the deeper the model, the greater discernment the model can provide. Some model
structures can be very deep, such as Res Net-152, which has 152 CNN layers. In a previous
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smaller scale study [12], where less than 500 eyelid pictures were evaluated, a variety of
CNN models demonstrated high performance over an accuracy of 80%. This study showed
that, for ptosis classification, the most common models, such as VGG, ResNet, AlexNet,
SqueezeNet, and DenseNet, all have similar performance. Therefore, among those models,
we chose a relatively simple model, VGG-16, a computing resource-efficient model, as our
base model. The VGG-16 model is based on architecture developed by the Oxford Visual
Geometry Group (VGG) and achieved top performance in the ImageNet Large Scale Visual
Recognition Challenge (ILSVRC) 2014.

Gradient-weighted class activation mapping (Grad-CAM) is a visual explanation of
the AI model, which is applicable to a wide variety of CNN model-families [23]. To aid
the understanding of AI model predictions, a heat map identifies the areas of the input
image that contributed most to the AI model’s classification using a technique called
class activation mappings. In addition, to visualize reasonable AI predictions, Grad-CAM
explanations also helped identify dataset biases in images. For example, a preoperative
marking around the eye or a postoperative suture on the eyelid may provide misleading
clues to the AI model, rather than eyelid information for blepharoptosis. The results of
Grad-CAM (Figure 6) demonstrated a hotspot area (0.5–1.0 in weights) between the upper
eyelid margin and central corneal light reflex, which is clinically compatible with the MRD-
1 concept. The cold zone (0–0.2 in weights) in the background successfully excluded dataset
biases, providing stronger faithfulness. With larger and more diverse data utilization in the
future, more precise results to understand the AI predictions can be expected.

AI-assisted ptosis diagnostic tools can be of great impact on the management of congen-
ital ptosis, since up to one-third of congenital ptosis patients are at risk for amblyopia [26].
The accurate diagnosis of ptosis based on external photographs would prove especially
helpful in the pediatric population for ophthalmologists and general practitioners alike,
as the eyelid exam can be challenging in uncooperative or crying children, patients with
developmental delays, and babies. The AI-assisted detection of congenital ptosis could
have a huge impact on preventing and treating amblyopia promptly. External validation
with outsourced images, including mobile phone photographs, to confirm the strength and
weakness of this AI model also deserves further investigation.

Limitations to this study include that the data resource was only from Asian ethnicities,
setting limitations in both model training and testing process. Future studies will analyze
external photographs from diverse ethnicities to further train the AI model and expand
the application for all users. Additionally, only adults were included in this study, setting
limitations for pediatric care. Furthermore, we did not measure variables including palpe-
bral aperture, levator muscle excursion, and brow position, which should be identified for
detailed and quantifiable ptosis assessment.

There were also inherent limitations in the labeling of the ground truths by three
oculoplastic surgeons. Some photos of mild ptosis were challenging to differentiate from
normal eyelids, even among experienced oculoplastic surgeons. Hence, the AI model
constructed in our study only provided information as to whether a photo might have
ptosis from an oculoplastic surgeon’s point of view. This might also explain why this
study did not achieve much greater accuracy then our previous study, since more data may
introduce more photos with uncertainty [12].

5. Conclusions

The AI model using CNNs achieved better performance than the non-ophthalmic
physician group and shows value as a diagnostic tool to be used in assisting the referral of
blepharoptosis, including true and pseudoptosis.
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Abstract: (1) Background: To analyze the association between long-term changes in serum IgG4 levels
and the clinical course of patients with IgG4-related ophthalmic disease (IgG4-ROD).
(2) Methods: Retrospective analysis of 25 patients with IgG4-ROD. (3) Results: Mean age at di-
agnosis was 60.68 years. Fifty-six percent of patients had bilateral ocular involvement and 32% had
systemic associations. The ocular structures involved were the lacrimal gland (76%), orbital soft tissue
(36%), extraocular muscle (20%) and infraorbital nerve (20%). According to last follow-up, 9 (36%)
patients had normalized IgG4 levels, and 16 (64%) patients had elevated IgG4 levels. Patients with
normalized IgG4 levels had better response to initial steroid treatment and attained a significantly
lower IgG4 level after treatment (p = 0.002). The highest IgG4 levels were at baseline and disease
recurrence, and lowest after initial treatment. At final follow-up, IgG4 levels differed in patients with
remission (mean 326.25 mg/dL) and stable disease (mean 699.55 mg/dL). Subgroup analysis was
performed in patients with remission, categorized according to whether IgG4 levels were normalized
(9 patients) or elevated (10 patients) on last follow up. The elevated group had a higher percentage of
bilateral disease, lacrimal gland involvement and recurrence. (4) Conclusions: IgG4-ROD patients
with a greater response to initial steroid therapy were more inclined to have normalized IgG4 levels
in the long term. Some patients remained in remission despite persistently elevated IgG4 levels, and
had regular follow-up without treatment.
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1. Introduction

IgG4-related disease is a fibroinflammatory clinicopathological entity, characterized by
dense infiltration of lymphocytes and IgG4-positive plasma cells in various tissues and or-
gans [1,2]. The disease has been described in numerous organ systems, including pancreas,
bile duct, lacrimal glands, salivary glands, central nervous system, thyroid, gastrointestinal
tract, kidney, retroperitoneum, lymph nodes, and skin [2]. The specific involvement of
ocular and orbital tissues is collectively termed IgG4-related ophthalmic disease (IgG4-
ROD) [3]. IgG4-ROD can manifest in lacrimal glands, orbital soft tissue, extraocular muscles,
trigeminal nerve branches, and the supraorbital or infraorbital nerves [3,4]. IgG4-ROD
may involve a single structure or multiple structures within the orbit, and may also exhibit
bilateral disease [4]. The first-line treatment for active disease is systemic glucocorticoids.
Immunosuppressive drugs and biologic agents, especially rituximab, have also been proven
effective [4–6]. However, after initial steroid treatment, high recurrence rates (up to 61%)
have been reported in the literature [7–9]. Therefore, certain patients may benefit from main-
tenance therapy [5]. Radiotherapy has also been used as additional therapy for recurrent or
refractory IgG4-ROD [6,10].
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IgG4-ROD is usually associated with an increase in serum IgG4 levels. The diagnos-
tic criteria for IgG4-ROD includes imaging studies and histopathologic examinations of
ophthalmic tissues, and blood tests showing elevated serum IgG4 (≥135 mg/dL), requir-
ing at least two out of three criteria for diagnosis [3]. In addition to contributing to the
diagnosis [11,12], serum IgG4 levels have been useful in determining disease activity and
predicting relapse [13–15]. After steroid treatment, patients with IgG4-ROD responded
well in the early phase with reduction in IgG4 levels [13–15]. Elevated serum IgG4 levels
before [7] and after [15] steroid treatment have both been reported as risk factors for IgG4-
ROD relapse. Despite these findings, the long-term serial changes of serum IgG4 levels
are not well understood. The aim of this study was to determine the association between
long-term changes in serum IgG4 levels and the clinical course of IgG4-ROD.

2. Materials and Methods

This research was designed as a single-institution, retrospective case series. Data
collection and chart review were approved by the Institutional Review Board of Taipei
Veterans General Hospital, Taipei, Taiwan (IRB-TPEVGH No.2021-10-002CC). The study
was conducted in accordance with the tenets of the Declaration of Helsinki.

Records of patients with diagnosis of IgG4-ROD from April 2010 to April 2020 were
examined. We applied the diagnostic criteria for IgG4-ROD by Goto et al. [3], as follows:
(1) imaging studies showing enlargement of the lacrimal gland, trigeminal nerve, or extraoc-
ular muscle as well as masses, enlargement, or hypertrophic lesions in various ophthalmic
tissues; (2) histopathologic examination showing marked lymphocyte and plasmacyte
infiltration, and sometimes fibrosis; IgG4+ plasmacytes found and the ratio of IgG4+ cells
to IgG+ cells of 40% or above, or more than 50 IgG4+ cells per high-power field; (3) blood
test showing elevated serum IgG4 (≥135 mg/dL). Diagnosis was classified as “definitive”
when (1), (2), and (3) were satisfied; “probable” when (1) and (2) were satisfied; and “pos-
sible” when (1) and (3) were satisfied. All study participants met inclusion criteria of
the following: (a) diagnosis of definite, probable or possible IgG4-ROD, according to the
aforementioned criteria [3]; (b) patients received treatment and had follow-up for at least
1 year. Subjects were excluded from the study if they had IgG4 lymphoma (n = 5), sclerosing
orbital inflammation [16] (more aggressive clinical course, resulting in permanent visual
loss, n = 1), follow-up less than 1 year (n = 5), or not fulfilling diagnosis of IgG4-ROD (only
meeting one criterion, n = 4).

Anatomic locations of ocular lesions were evaluated both clinically and by reviewing
orbital CT or MRI scans. Systemic involvement was determined by clinical manifestations
and imaging studies by ultrasound, CT, MRI or PET/CT.

Collected data included demographics, laterality of ocular disease (unilateral or bi-
lateral), systemic involvement of IgG4 disease, ocular structure of involvement (lacrimal
gland, orbital soft tissue, extraocular muscle, infraorbital nerve, etc.), presence of recur-
rent disease, serological results (IgG level at baseline; IgG4 level at baseline, lowest level
after initial steroid treatment, during recurrence, and last follow-up), duration of steroid
treatment, and total follow-up time.

Recurrence was defined as symptom re-emergence or lesion enlargement after initial
steroid treatment. Remission was defined as resolution of clinical symptoms and/or
radiologic lesions. For the main outcome measures, patients were categorized into groups
based on last follow-up condition: Remission with normalized IgG4 levels (group 1),
remission with elevated IgG4 levels (group 2), and stable with disease. A cutoff value
of 135 mg/dL was used. For additional analysis, the study population was alternatively
grouped into those with unilateral or bilateral ocular involvement.

Nonparametric tests were used for the following comparisons because most mea-
surement data were not normally distributed. Categorical variables were analyzed using
Fisher’s exact tests. Measurements were compared between groups 1 and 2, and unilateral
and bilateral ocular involvement using Mann–Whitney U tests. Statistical significance was
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defined as p ≤ 0.05 and all analyses were conducted using SPSS statistical software (version
22, SPSS Inc., Chicago, IL, USA).

3. Results

A total of 25 patients diagnosed with IgG4-ROD were included in this study. On
the basis of the diagnostic criteria for IgG4-ROD, the diagnosis was definite in 16 (64%)
patients and possible in 9 (36%) patients. The demographics of the study population are
summarized in Table 1. The mean age at diagnosis was 60.68 years. There were 17 (68%)
men and 8 (32%) women. Ocular involvement was bilateral in 56% of patients. Systemic
association was observed in 32% of patients. Disease involvement was isolated to one
ocular structure in 60% of patients, while 28% and 12% of patients were concurrently
affected in two and three ocular structures, respectively (not shown in table). The most
common ocular structure involved was the lacrimal gland (76%), followed by orbital soft
tissue (36%), extraocular muscle (20%) and infraorbital nerve (20%). Regarding disease
course, 11 (44%) patients experienced recurrence during the follow-up period. The study
population had initial steroid treatment of 14.53 ± 25.11 months (range 1.57 to 110 months),
and follow-up period of 57.72 ± 33.36 months. According to last follow-up status, 9 (36%)
patients had normalized IgG4 levels, and 16 (64%) patients had elevated IgG4 levels.

Table 1. Baseline characteristics of patients with IgG4-related ophthalmic disease (n = 25).

Characteristic Value

Age (mean, year) 60.68
Male gender, n (%) 17 (68%)
Bilateral, n (%) 14 (56%)
Systemic involvement, n (%) 8 (32%)
Ocular involvement

Lacrimal gland, n (%) 19 (76%)
Orbital soft tissue, n (%) 9 (36%)
Extraocular muscle, n (%) 5 (20%)
Infraorbital nerve, n (%) 5 (20%)

Recurrence, n (%) 11 (44%)
Duration of steroid treatment (mean, month) 14.53
Follow-up time, month (mean, month) 57.72
Last follow-up status of IgG4 level *

Normalized, n (%) 9 (36%)
Elevated, n (%) 16 (64%)

* For IgG4 levels at last follow-up visit, a cutoff value of 135 mg/dL was used to differentiate between normalized
and elevated values.

Figure 1 shows the serial changes in serum IgG4 levels from initial presentation to
60-month follow-up. The mean IgG4 level at baseline was the highest, with a steep decline
to the lowest point after starting steroid treatment. After tapering and, for some patients,
subsequently terminating steroid treatment, there was a gradual elevation in IgG4 levels.
Later, the IgG4 levels fluctuated, and did not return to normalized levels in some patients.
Table 2 shows comparison of patients with normal and elevated IgG4 levels according to
last follow-up status; patients with normalized IgG4 levels had better response to initial
steroid treatment and attained a significantly lower IgG4 level after treatment (p = 0.002).
Table 3 further shows serum IgG4 levels at specific time points throughout the follow-up
period, with the highest levels at baseline and disease recurrence (795.44 ± 553.10 mg/dL and
780.14 ± 568.38 mg/dL, respectively), lowest after initial treatment (176.36 ± 141.08 mg/dL),
and 415.84 ± 345.87 mg/dL on last follow-up. At last follow-up visit, there was a distinct
difference in IgG4 levels in patients with remission (mean 326.25 mg/dL) and those with
stable disease (mean 699.55 mg/dL). In addition, in the 11 patients with recurrence, 3 had
recurrent disease during tapering of steroids; as for the remaining 8 patients, the duration from
discontinuing steroid treatment to recurrence was 11.92 ± 8.58 months (not shown in table).
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Figure 1. Serial changes in serum IgG4 levels from initial presentation to 60-month follow-up. The
arrowhead indicates the end of initial steroid treatment (mean, 14.53 months).

Table 2. Comparison of patients with normal and elevated IgG4 levels according to last follow-up status.

Variable IgG4 Normalized *
(n = 9)

IgG4 Elevated *
(n = 16) p Value

Age (mean, year) 61.22 60.38 0.718
Male gender 77.8% 62.5% 0.661
Systemic involvement 44.4% 25% 0.394
Ocular involvement

Lacrimal gland 55.6% 87.5% 0.142
Orbital soft tissue 44.4% 31.3% 0.671
Extraocular muscle 11.1% 25% 0.621
Infraorbital nerve 33.3% 12.5% 0.312

Recurrence 22.2% 56.3% 0.208
IgG level at baseline (mean, mg/dL) 1875.38 2227.13 0.636
IgG4 level at baseline (mean, mg/dL) 580.78 916.19 0.276
Lowest IgG4 level after initial steroid treatment (mean, mg/dL) 82.19 229.33 0.002
IgG4 level at last follow-up (mean, mg/dL) 78.50 605.60 0
Duration of steroid treatment (mean, month) 17.36 12.94 0.890

* For IgG4 levels at last follow-up visit, a cutoff value of 135 mg/dL was used to differentiate between normalized
and elevated values.

After dividing the patients in remission into two groups depending on whether IgG4
levels were normalized (group 1) or elevated (group 2) on last follow up (Table 4), group 2
had a higher percentage of bilateral disease (70%), lacrimal gland involvement (90%) and
recurrence (60%). In addition, throughout the disease course, group 2 had higher IgG4 levels
at all time points documented: Baseline, lowest after initial treatment, and last follow up,
albeit reaching statistical significance only at the lowest point (group 1, 82.19 ± 32.93 mg/dL
vs. group 2, 152.80 ± 79.44 mg/dL, p = 0.043).
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Table 3. Serial changes in serum IgG4 levels at specific time points.

Variable Value

IgG level at baseline (mean, mg/dL) (n = 24, 1 missing datum) 2104.78
IgG4 level at baseline (mean, mg/dL) (n = 25) 795.44
IgG4/IgG ratio at baseline (n = 24, 1 missing datum) 0.3586
Lowest IgG4 level after initial steroid treatment (mean, mg/dL) (n = 25) 176.36
IgG4 level during recurrence (mean, mg/dL) (n = 11) 780.14

IgG4 level at baseline in patients with recurrence (mean, mg/dL) (n = 11) 789.44
IgG4 level at last follow-up (mean, mg/dL) (n = 25) 415.84

In patients with remission (mean, mg/dL) (n = 19) 326.25
In patients with stable disease (mean, mg/dL) (n = 6) 699.55

Table 4. Comparison of patients in remission with normal and elevated IgG4 levels.

Variable

Group 1
(Remission with
Normalized IgG4) 1

(n = 9)

Group 2
(Remission with
Elevated IgG4) 1

(n = 10)

p Value

Last follow-up IgG4 (mean, mg/dL) 78.50 549.23 NA 2

Age (mean, year) 61.22 63.10 0.905
Male gender 77.80% 60% 0.628
Bilateral 33.30% 70% 0.179
Systemic involvement 44.40% 20% 0.35
Ocular involvement

Lacrimal gland 55.56% 90% 0.141
Orbital soft tissue 44.44% 20% 0.35
Extraocular muscle 11.11% 30% 0.582
Infraorbital nerve 33.33% 20% 0.628

Recurrence 22.22% 60% 0.17
IgG level at baseline (mean, mg/dL) 1875.38 1857.67 0.888
IgG4 level at baseline (mean, mg/dL) 553.95 701.37 0.696
Lowest IgG4 level after initial steroid treatment
(mean, mg/dL) 82.19 152.80 0.043

Reduction in IgG4 level (%) 3 75.58% 75.68% 0.847
Duration of steroid treatment (mean, month) 17.36 5.84 0.968

1 For IgG4 levels at last follow-up visit, a cutoff value of 135 mg/dL was used to differentiate between nor-
malized and elevated values. 2 NA, not applicable. 3 Reduction in IgG4 level (%) = Absolute value of (Lowest
level−Baseline level)/Baseline level × 100%.

The study population was alternatively grouped into those with unilateral or bilateral
ocular involvement (Table 5). All patients with bilateral ocular disease had involvement of
the lacrimal gland, whereas only 45.5% of patients with unilateral disease were involved
(p = 0.003). Patients with bilateral disease also had higher IgG and IgG4 levels at baseline,
and a greater reduction in IgG4 levels after initial steroid treatment (p = 0.007, 0.004 and
0.005, respectively).

Table 5. Comparison of parameters between patients with unilateral and bilateral ocular disease.

Variable Unilateral
(n = 11)

Bilateral
(n = 14) p Value

Age (mean, year) 63.00 58.86 0.291
Male gender 63.6% 71.4% 1
Systemic involvement 36.4% 28.6% 1
Ocular involvement

Lacrimal gland 45.5% 100.0% 0.003
Orbital soft tissue 45.5% 28.6% 0.434
Extraocular muscle 18.2% 21.4% 1
Infraorbital nerve 9.1% 28.6% 0.341
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Table 5. Cont.

Variable Unilateral
(n = 11)

Bilateral
(n = 14) p Value

Recurrence 44.4% 40.0% 1
IgG level at baseline (mean, mg/dL) 1649.55 2522.08 0.007
IgG4 level at baseline (mean, mg/dL) 455.09 1083.43 0.004
Lowest IgG4 level after initial steroid
treatment (mean, mg/dL) 159.49 189.61 0.572

IgG4 during recurrence (mean, mg/dL) 205.80 1186.00 0.114
IgG4 level at last follow-up
(mean, mg/dL) 281.98 521.02 0.183

Reduction in IgG4 level (%) 1 64.72 81.50 0.005
Change in IgG4 level at recurrence (%) 2 −8.21 21.93 0.667
Duration of steroid treatment
(mean, month) 10.83 17.44 0.066

1 Reduction in IgG4 level (%) = Absolute value of (Lowest level−Baseline level)/Baseline level × 100%. 2 Change
in IgG4 level at recurrence (%) = (Recurrence level−Baseline level)/Baseline level × 100%.

4. Discussion

We present a long-term follow-up of patients with IgG4-ROD focusing on the serial
changes of serum IgG4 levels. To our knowledge, this case series of IgG4-ROD patients
had the longest follow-up period compared with previous studies. In this cohort, up to
64% of patients had elevated IgG4 levels at last follow-up, which led us to investigate the
correlation between IgG4 levels and their clinical significance.

Out of all patients in remission, the IgG4 levels failed to normalize in 10 of 19 patients
(52.6%). The patients with elevated IgG4 concentrations had a relatively higher rate of
bilateral disease, lacrimal gland involvement and recurrence. These patients also had higher
IgG4 titers throughout the follow-up period, with statistically higher titers compared to the
normalized group at the lowest point after initial treatment. These clinical and serological
factors may indicate greater disease activity and poorer response to initial steroid treatment,
rendering this group of patients prone to a higher IgG4 titer in the long term. Similarly,
Wallace et al. [4] found the serum IgG4 level among those with bilateral disease to be
higher compared to those with unilateral disease. Interestingly, serum IgG4 was higher
in patients with lacrimal or salivary gland lesions compared to those with other affected
organs [17,18], but no previous studies had compared serum IgG4 levels amongst different
ocular structures involved, which is perhaps difficult because multiple ocular lesions can
coexist. In a smaller case series of nine patients with IgG4-ROD and shorter follow-up time
(average of 8.6 months), six patients had IgG4 levels at last follow-up, where two patients
had clinical relapse, one patient had a normalized IgG4 level, and three patients had
elevated IgG4 levels [14], but the case number may be too limited to come to comparable
conclusions. A multicenter study on autoimmune pancreatitis showed that IgG4 levels
failed to normalize in 63% of patients after treatment with oral steroids, but only 30% of
these patients with persistent elevation of serum IgG4 levels had relapses [19]. We infer
that IgG4-ROD patients with better response to initial steroid treatment would be more
likely to resume normalized IgG4 levels in the long-term. In addition, despite persistent
elevations of serum IgG4 levels, some patients can still remain in remission.

IgG4 is one of four subclasses of IgG, typically less than 5% of total IgG [20]. In general,
IgG4 is a benign, non-pathogenic antibody. From a molecular structural standpoint, the
disrupted C1q binding site of IgG4 contributes to its inability to activate the complement
cascade [21]. The low affinity for classical Fcγ-receptors makes IgG4 inefficient in activating
effector systems [21]. In addition, IgG4 forms small, non-precipitating immune complexes
due to effective monovalency [22]. The pathophysiology of IgG4-related disease consists of
multiple immune-mediated mechanisms, which remains to be fully elucidated. The counter-
inflammatory properties of IgG4 and the fact that disease-specific IgG4 autoantibodies
have not been found suggest that serum IgG4 is a response to inflammatory stimulus,
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more likely a consequence than a cause of the disease [23]. Two possible explanations
for elevated IgG4 levels in patients in remission are “blocking antibody” and indicator of
tolerance induction. IgG4 tends to appear after prolonged immunization with a decrease in
symptoms. This is thought to be due to competition with IgE for allergen by IgG4, i.e., the
blocking antibody, and inhibiting mast cell degranulation and/or preventing IgE-facilitated
activation of T cells, and a suppression of the late-phase reaction [24,25]. Furthermore,
IgG4 is a marker of tolerance induction. Usually at a single time point, the IgG4 levels in
symptomatic patients are higher compared to those in asymptomatic patients. In long-term
follow-up, a considerable increase in IgG4 can indicate that anti-inflammatory, tolerance-
inducing mechanisms have been activated, in which inappropriate inflammatory reactions
are reduced [20]. Therefore, regardless of IgG4 levels in patients with remission, we believe
they can have regular follow up without intervention if they remain asymptomatic.

Approximately half of the study population had bilateral ocular lesions. These patients
had statistically higher baseline IgG and baseline IgG4 levels compared to unilateral disease.
This is in agreement with previous studies, which showed bilateral disease accounting
for 49–62% of patients [26,27]. Wallace et al. [4] also found the baseline serum IgG4 level
among those with bilateral disease to be statistically higher than unilateral disease. The
reason for this finding is likely due to a higher disease activity in bilateral involvement. In
addition, patients with bilateral disease also had better response to initial steroid therapy,
resulting in a significantly greater reduction in IgG4 level. Interestingly, the change in
serum IgG4 levels at recurrence (compared to baseline) differed between the two groups,
with unilateral disease seeing a decrease in IgG4 values, and bilateral disease with an
increase from baseline, albeit not reaching statistical significance. We can infer that there is
a difference in the clinical course of unilateral and bilateral ocular lesions.

The lacrimal gland was the most common orbital structure affected in IgG4-ROD in
our series and many previous studies [4,9,26,28,29]. Overall, the most frequently involved
structure was the lacrimal gland (76%), followed by orbital soft tissue (36%), extraocular
muscle (20%) and infraorbital nerve (20%). Although the percentage of ocular lesions
varied with each study [4,9,26,28,29], our results were largely consistent with the results of a
multicenter study by Goto et al. [28], which showed pathologic lesions in the lacrimal glands
(86%), isolated and diffuse orbital lesions (19%), extraocular muscles (21%) and trigeminal
nerve (20%). The high percentage of lacrimal gland involvement in IgG4-ROD may also
explain why all patients with bilateral disease had lacrimal gland lesions in our study.

A few studies have looked into the treatment outcomes of IgG4-ROD. Regarding
treatment regimens, an initial combination of glucocorticoid and immunosuppressant ther-
apy had advantages over glucocorticoid monotherapy, with a longer relapse-free survival
time [30], a lower relapse rate and a shorter glucocorticoid therapy duration [9]. Risk
factors for relapse include multiple ocular lesions [9], extraocular muscle and/or trigeminal
nerve enlargements [8], and additional radiotherapy after surgical debulking with oral
steroids [27]. In the present series, with a mean follow-up duration of 57.72 months, 19
(76%) patients were in remission while 6 (24%) patients had stable disease. We infer that
patients with IgG4-ROD have a favorable outcome, regardless of their serologic status in
the long-term.

There are some limitations of the current study that should be addressed. First, the
study is a retrospective, non-randomized controlled investigation, which might limit the
generalizability of our findings. Second, nine patients (36%) did not receive biopsy and
were diagnosed as “possible” IgG4-ROD. This is mainly due to difficulty in obtaining
specimens in patients with extraocular muscle or deep orbital soft tissue involvement. Nev-
ertheless, the findings of the present study have important implications for understanding
the prognosis of IgG4-ROD.

5. Conclusions

Our results demonstrated that IgG4-ROD patients with greater response to initial
steroid therapy, manifesting with lower serum IgG4 levels, would be more inclined to
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have normalized IgG4 levels in the long term. In addition, some patients can remain in
remission despite persistently elevated serum IgG4 levels, and they can be followed up
without treatment unless disease relapse. Moreover, different baseline serum IgG4 levels
and disparities in disease course were observed between unilateral and bilateral ocular
lesions. Future studies are needed to provide further insight into this complex disease.
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Abstract: (1) Background: Achromatopsia is a rare disease of which the natural course and impact on
life are still unknown to this date. We aimed to assess the morphological, functional characteristics,
and quality of life in a large sample size of patients with achromatopsia. (2) A total of 94 achromats
were included in this retrospective cohort study. Sixty-four were patients of the Department of
Ophthalmology, Saarland University Medical Centre in Homburg/Saar, Germany, between 2008
and 2021. Thirty further participants with achromatopsia from the national support group were
included using an online questionnaire, which is available under ‘Supplementary data’. Statistical
analysis was performed using SPSS Version 25; (3) The 94 patients (37 males (39.4%) and 57 females
(60.6%)) showed a mean age of 24.23 ± 18.53 years. Visual acuity was stable (SD ± 0.22 logMAR at
1.0 logMAR) over a time of observation from 2008 to 2021. Edge filter glasses were the most used
optical aids, while enlarged reading glasses were the most used low vision aids. (4) Conclusions: Our
findings give an insight into describing the natural process and the quality of life of achromatopsia.
The results demonstrate that achromatopsia is a predominantly stationary disease. The individual
prescription of edge filters and low-vision aids is essential following a personalised fitting.

Keywords: achromatopsia; cone; low vision aids; quality of life; personalised ophthalmology

1. Introduction

Our study’s scope was to analyse the morphological changes that may be associated
with achromatopsia, to follow these changes in visual acuity, and to assess the impact of
achromatopsia on patients’ quality of life. As far as we know, to this date, the nature of
achromatopsia has still not been clearly defined. Furthermore, no study on achromatopsia
has been conducted with a large sample size focusing on the psychosocial aspect. Achro-
matopsia, also called rod monochromatism or total colour blindness, belongs to cone
dysfunction syndromes and is present at birth [1]. It is considered a rare disease with a
prevalence of 1/30,000 births worldwide [2]. It is an inherited, autosomal recessive disease,
with typical characteristics such as a congenital reduction in visual acuity to around 20/200,
photophobia, lack of colour discrimination, and nystagmus. The fundus examination
usually does not show pathological changes, but sometimes there can be a constriction of
blood vessels and pathological macular findings in the adult age [3–5]. Mutations of the
six genes CNGA3 [6], CNGB3 [7], GNAT2 [8], PDE6H [9], PDE6C [10], which play a vital
role in the phototransduction cascade and ATF6 [11], which regulates the unfolded protein
response, have been identified in achromatopsia.

Refractive errors are common [12]. There are two types of achromatopsia: In ‘complete’
achromatopsia, all three types of cones (1. Blue, 2. Green, 3. Red) do not function, while
in ‘incomplete’ achromatopsia, there may be the partial function of one or more cone
types [13].

Up to this date, achromatopsia treatment has mainly focused on managing the symp-
toms with different optical and electronic low-vision aids [3,14]. The first genetic treatment
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studies for CNGA3 and CNGB3 are underway; however, the results in adults have not
shown vigorous improvements. While there is currently no known cure, many management
aids can alleviate some symptoms associated with ACHM. In particular, photoaversion has
been described to be one of the more debilitating symptoms of achromatopsia, with the
need for different aids [15]. (Figure 1) These include red-tinted contact lenses, sunglasses,
wrap-around glasses, and dark and red-filtered glasses, which have been shown to reduce
photophobia and improve visual acuity. These optical aids have to be tried and fitted
individually for the best benefit of the patient. Especially red-tinted contact lenses have
been a relief for achromats, as they are more discrete than dark and red-filtered glasses.
(Figure 2) Low vision aids such as high-powered magnifiers and electronic devices can be
useful for reading. Children with ACHM should be given preferential seating in class to
benefit fully from these aids (such as at the front and to avoid the impact of glare on vision
or away from windows) [2,14].
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It has recently been shown that gene therapy using an adeno-associated virus could
perhaps provide a promising treatment for achromatopsia. Recently, human clinical trials
have been developed, which primarily showed the safety and efficacy of the treatment [17–19].
There is still an ongoing debate concerning the natural course of achromatopsia. Some studies
report that it is a progressive disorder, suggesting that gene therapy should be applied at an
earlier age [20–24]. By contrast, other studies imply that it is a predominantly stationary condi-
tion, indicating that there might be a larger window for gene therapy [25–28]. However, these
studies had small group sizes, with Hirji et al. having the largest with 50 subjects [28]. Fur-
thermore, research has rarely been performed on the quality of life and subjective impressions
of patients with achromatopsia. Very few studies have evaluated the influence of complete
colour vision loss on the quality of life of these people [29]. The only study that came close to
quality of life was Aboshiha et al.’s, which investigated the impact of photophobia on the life
of achromats [15]. With human gene therapy trials developing rapidly, it is fundamental to
elucidate the natural process of achromatopsia and find correlations between the genotype
and phenotype to choose suitable candidates and the right time for treatment. In addition,
understanding how achromatopsia affects the lives of these patients could help in identifying
strategies that can improve patient outcomes.

2. Materials and Methods
2.1. Participants

In this retrospective cohort study, a total of 94 participants with a confirmed diagnosis
of achromatopsia were included. The diagnosis was established by clinical presentation
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(severe glare sensitivity with normal ocular findings, in several cases with electrophysi-
ological confirmation and with genetic evaluation). Exclusion criteria included atypical
clinical findings (no glare sensitivity), no acceptance of edge filters, morphologically visible
pathological findings (such as in albinism which presents with glare sensitivity as well),
and negative genetic testing in patients who were genetically tested. Sixty-four of the par-
ticipants were patients of the Department of Ophthalmology, Saarland University Medical
Centre in Homburg/Saar, Germany, between 2008 and 2021. Thirty additional participants
who completed a standardized questionnaire were members of the national support associ-
ation of achromatopsia. The age range was very broad as we aimed to include all patients
with this rare disease. The research was approved by the local ethics committee of Saarland
(Nr. 85-21) and followed the principles of the Declaration of Helsinki. Informed consent
was provided by all subjects.

2.2. Medical Records

Data from the patient’s medical history were collected using the clinic’s electronic
charts. Patients underwent a complete ophthalmic examination: Visual acuity (Landolt
eye chart), colour vision (Ishihara and Panel D 15 test), refraction (retinoscopy), anterior
segment findings (slit-lamp), central and peripheral retina and optic nerve head (ophthal-
moscope), and strabismus (prism cover test).

2.3. Questionnaire

A survey was conducted from April to May 2021 to analyse the quality of life that
people living with achromatopsia had. This survey was distributed to all of the patients
in our hospital diagnosed with achromatopsia and to the members of the national self-
help group of achromatopsia (Achromatopsie Selbsthilfe e.V. Dorsten, Germany, www.
achromatopsie.de, accessed on 20 March 2021). This survey consisted of 18 main questions
comprising demographic and non-demographic questions based on their quality of life,
such as education and visual aids (Table 1).

Table 1. The 18 main questions asked in our questionnaire to individuals with achromatopsia.

(1). Are you a member in a visually impaired association?

(2). What is your age and gender?

(3). Where was your ophthalmologic treatment?

(4). Was your diagnosis of achromatopsia genetically confirmed?

(5). When was the diagnosis of achromatopsia made?

(6). What is your visual acuity?

(7). What is/was your school education?

(8). What is/was your vocational training?

(9). What is/was your profession?

(10). Do you own a disability ID card?

(11). Do you receive any blind allowances?

(12). Which optical aids/light protection do you use?

(13). Which magnifying aids do you use?

(14). Which other aids do you use?

(15). Which computer programs/apps do you use?

(16). Do you use a colour naming system?

(17). What is the visual issue you suffer most from?

(18). How is your personal experience living with achromatopsia?
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Most demographic questions were multiple-choice with a few open-ended questions.
A free-text box was added after each question to let participants share any additional
thoughts or information. The following criteria were retrieved from their medical history,
and the questionnaire was taken into consideration: gender, age, age of diagnosis, past
visual acuity, actual visual acuity, standardised colour test, subjective colour perception,
refraction, morphological findings, strabismus, academic career, practiced occupation,
present low vision aids, degree of handicap, allowances for the blind, mutated gene and
primary concern of the patients.

2.4. Statistical Analysis

The software SPSS Statistics, IBM, Version 25, was used to enter and evaluate our data.
Continuous data were described as the mean, standard deviation, median, minimum, and
maximum. Categorical variables were described as percentages and were compared using
the Chi-Square test. The Wilcoxon test was used for non-parametric variables. Spearman
tests determined the relationship between non-parametric variables. Spearman’s ρ (rho) is
a rank correlation coefficient that was used for two ordinal variables or when one variable
had a continuous normal distribution; the other variable was categorical or non-normally
distributed. This test was a non-parametric test, which could be used with variables that
had a non-normal distribution. p values < 0.05 were considered statistically significant.

3. Results

We took two approaches to collect the data: patients’ records collected from our clinic’s
database and the questionnaire we created for the purpose of this study. These clinical
records were used to evaluate morphological and functional characteristics, while the
questionnaire assessed the functional aspects and the quality of life of achromats. Out of
the 48 clinical examinations performed in domo, three of the patients did not request a
genetic analysis (Table 2).

Table 2. Method of data collection for the population of participants.

Total Number out of
94 Achromats

Percentage Number out of
94 Achromats

Only clinical examinations
performed in domo 48 51%

Out of clinical examinations
performed in domo;
Molecular genetics confirmed

45 48%

Clinical examinations
performed in domo +
answered questionnaire

16 17%

Only answered questionnaire 30 32%

3.1. Demographics and Genes

Ninety-four participants were included in this study, with 37 males (39,4%) and
57 females (60.6%). The mean age was 24.23 years (SD ± 18.53 years). In total, 32 (34%)
subjects presented with mutations in the CNGB3 gene, 12 (12.8%) subjects had a CNGA3
mutation, one (1.1%) subject had the PDE6C gene, and for 49 subjects (52.1%), no genetic
analysis had been made up to now, mostly because the patients saw no necessity in spite of
being informed about ongoing clinical trials.

3.2. Functional Findings

To confirm that achromatopsia is a stationary disease (functional aspect), we analysed
the changes in visual acuity, as well as the refractive/orthoptic changes, with the increase
in age in the achromats.
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3.3. Visual Acuity

Out of the 62 patients examined ophthalmologically, the first known average visual
acuity was 1.0 logMAR (SD ± 0.22), ranging between 0.42 logMAR and 1.52 logMAR. Out
of 91 patients, including those answering the questionnaire, the actual average visual acuity
was also 1.0 logMAR (SD ± 0.23), ranging from 0.22 logMAR to 1.70 logMAR.

We evaluated the difference between the visual acuity during the first and final visit
to our clinic with an observation time of 1 to 21 years. The results indicated no significant
difference between both measurements (r = 0.239, p = 0.811).

Out of 91 patients, no correlation was found between visual acuity and age (r = 0.002
and p = 0.985) (Figure 3). This confirmed the assumption that achromatopsia is a function-
ally stable disease over the years.
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Out of the 62 patients seen and examined ophthalmologically, 12 had the CNGB3 gene,
32 had the CNGB2 gene, 1 had the PDE6C gene, and 17 did not have a genetic analysis.
We analysed if any of the six genes responsible for achromatopsia were linked to visual
impairment. Out of 45 patients who received a genetic diagnosis, no correlation was found
between the type of gene and visual acuity (r = −0.158, p = 0.311).

3.4. Refractive and Orthoptic Findings (Refraction, Nystagmus, Strabismus)

Out of 62 patients, the spherical refraction mean was 1.83 diopters (SD ± 3.76, −4.38
to +8.5 dpt). No correlation was found between the mutated genes and the degree of
spherical refraction (r = −0.075, 0.669). The mean astigmatic refraction was −1.86 diopters
(SD ± 0.88, −3.0 to −0.5 dpt). No correlation between the visual acuity and spherical
refraction was found (r = −0.111, p = 0.393), between the visual acuity and astigmatic
refraction (r = 0.144, p = 0.380), and between the mutated genes and the astigmatic refraction
(r = 0.097, p = 0.578). Out of 61 patients, 54 (88.5%) had nystagmus, while 7 (11.5%) did
not present with nystagmus. No statistical tests were used to analyse the frequency of
nystagmus. As many conatal visually handicapped people were present with strabismus,
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we tested these for achromatopsia as well. Out of 58 patients, 34 (58.6%) did not present
any strabismus, 6 (10.3%) presented a strabismus convergens, 17 (29.3%) had a strabismus
divergens, and 1 (1.7%) presented a strabismus convergens and verticalis. No correlation
was found between age and strabismus (r = 0.057, p = 0.672). No correlation was found
between the mutated gene and strabismus (r = −0.230, p = 0.213).

3.5. Morphological Findings

We analysed the relationship between the genotype and phenotype, as well as the age
and phenotype. The phenotype consisted of changes in the anterior segments, cataracts,
retinal arterial vessels, the optic nerve, the peripheral retina, the fundus periphery, and the
macula. Out of 62 subjects, a majority of 59 (95.2%) patients did not have any pathological
changes in the anterior segment findings, with 3 (4.8%) over 50 years old presenting with
a cataract, which was interpreted as an age-related finding and was not associated with
achromatopsia. As the three patients with an incipient cataract had no significantly different
visual acuity, we did not exclude them from the patient group. Out of 60 subjects, 32 (53.3%)
had regular retinal arterial vessels, 18 (30%) had slightly constricted blood vessels, and
10 (16.7%) presented with significant constriction. A weak correlation between age and
retinal artery constriction was found (r = 0.345, p = 0.007) (Figure 4).
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We noted a weak correlation between the age and the optic nerve head morphology
(r = 0.280, p = 0.027).

Out of 61 patients, the majority of 52 (85.2%) had no abnormal findings in the periph-
eral retina, while 9 (14.8%) presented deposits around the pigment epithelium and other
changes in the fundus periphery. No correlation was found between age and the fundus
periphery (r = 0.057, p = 0.660) nor between the mutated gene and the fundus periphery
(r = −0.135, p = 0.438).

For a sample of 62 patients, 23 (37.1%) did not show changes in the macula, and
20 (32.3%) had a well-delimited wall reflex but not a well-delimited foveal reflex. For
16 (25.8%), the macula was not differentiated, and for the remaining 3 (4.8%), the macula
was not differentiated with pigment epithelium alterations. We noted no correlation
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between age and changes in the macula (r = 0.121, p = 0.348) and no correlation between
the mutated gene and the macula (r = −0.167, p = 0.338).

The majority of the 62 patients (n = 40, 64.5%) did not present with any pathology of the
optic nerve head, while 7 (11.3%) presented with a slightly pale optic nerve head, 3 (4.8%)
presented with a noticeably pale optic nerve head, 7 (11.3%) had pronounced retinal optic
atrophy and 5 presented nerve head drusen (8.1%). We noted a weak correlation between
age and the optic nerve head (r = 0.280, p = 0.027) but noted no correlation between the
mutated gene and the optic nerve head (r = −0.249, p = 0.148).

3.6. Quality of Life
3.6.1. Handicap and Allowances

Achromats are assigned a visual handicap ranging from 0% to 100% according to
German regulations for visually impaired citizens. Usually, the amount of allowance
received depends on the degree of the handicap. Out of 61 patients, 17 (27.9%) had a
100% degree of visual handicap, 10 (16.4%) had a 90% degree of visual handicap, 14 (23%)
had an 80% degree of visual handicap, 9 (14.8%) had a 70% degree of visual handicap,
1 (1.6%) had a 50% degree of visual handicap and 10 (16.4%) had no degree of visual
handicap. This confirmed our clinical impression that the degree of visual handicap could
be judged very differently legally in spite of a comparable visual handicap. There was
no significant relationship between the degree of handicap as a function of age (n = 61,
r = 0.140, p = 0.280). Out of 67 patients, 10 (14.9%) received allowances for the blind, while
57 (85.1%) did not receive any.

3.6.2. Mean Age of Diagnosis, School Career and Academic Achievements

We ranked academic achievements based on the educational benchmarks completed,
such as a high school diploma or university degree. We analysed the relationship between
the academic achievements of achromats with the age of diagnosis and their attendance
at mainstream schools or for those visually handicapped students. The mean age when
the diagnosis of achromatopsia was established was 6.49 years (SD ± 1.50), with the oldest
patient, age 74, diagnosed at the age of 71 and the youngest patient having been diagnosed
shortly after birth. Out of 56 respondents, the majority went to a mainstream school
(n = 40; 71.4%), while fewer went to schools for the visually impaired (n = 9; 16.1%) or a
mix of specialised and mainstream schools (n = 7; 12.5%).

We received data on the academic qualifications from 28 respondents and noted that
26 had a high school diploma (92.9%), 1 (3.6%) did not have a school qualification, and
1 (3.6%) obtained a middle school diploma. Regarding further education, we received
26 responses, which consisted of one (3.8%) having an apprenticeship, another (3.8%) doing
higher intermediate service, and the majority pursuing university studies (n = 24; 92.3%).
The participants had different job occupations, most working in social professions. No
correlation was found between the age of diagnosis established with a school qualification
(r = 0.273, p = 0.168) or further education (r = −0.335, p = 0.102). We did not find any corre-
lation between the type of school and the kind of school qualification achieved (r = −0.124,
p = 0.530) and between the type of school and further education (r = −0.206, p = 0.313).

3.6.3. Use of Optical Aids and Low Vision Aids

For present optical and low vision aids, out of 87 subjects, 27 (31%) had optical aids,
55 (63.2%) used a combination of optical and low vision aids, and 5 (5.7%) had none. Many
patients used several types of edge filter glasses following individual customisation and
fitting (Tables 3 and 4).
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Table 3. Relative proportions of optical aids used n = 87 patients.

Number out of 87 Patients % out of 87 Patients

Optical aids (for refractive
error and glare sensitivity)

Edge filter glasses with
diopter correction 38 43.7%

Edge filter glasses without
diopter correction 37 42.5%

Tinted glasses without edge
filters, usually sunglasses 22 25.3%

Edge filter contact lenses with
diopter correction 13 14.9%

Side Protection 10 11.5%

Contact lenses with diopter
values for optical correction 8 9.2%

Edge filter contact lenses
without diopter correction 8 9.2%

Overspecs 2 2.3%

Table 4. Relative proportions of low vision aids used n = 87 patients.

Low Vision Aids

Reading glasses 49 56.3%

Simple magnifying glass 48 55.2%

Smartphone 34 39.1%

Tablet 33 37.9%

Monocular 32 36.8%

CCTV (close circuit TV) 27 31%

PC 15 17.2%

Magnifying app 13 14.9%

Zoom-Text 13 14.9%

Screen magnifier 12 13.8%

Electronic magnifying glass 10 11.5%

3.6.4. Primary Impairing Issue of Achromatopsia (Low Vision, Glare Sensitivity, No Colour
Vision) of Patients with Achromatopsia

For the question ‘What is your primary concern?’, out of 43 respondents, the primary
wish of 26 (60.5%) achromats was normal visual acuity. In total, 15 (34.9%) achromats
wished for no more glare sensitivity, and only 2 (4.7%) wanted intact colour vision.

This was corroborated by the response from 44 respondents concerning the use of a
colour system: 30 did not use any, 7 used colorADD, and 7 used a different colour system.

4. Discussion

Our findings suggest that age does not influence visual acuity and that visual acuity
usually does not change with age (mean = 1.0 logMAR). These findings are in accordance
with most prior studies [20,22,23,25,28,30], which have also concluded that visual acuity
becomes stable over time but differs from a few other studies that concluded a decline in
visual acuity [21,24]. Refractive error and nystagmus were common traits in our patients,
with hyperopia being the most common refractive error. The data we collected indicated
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no correlation between the degree of spherical refraction and astigmatism against visual
acuity.

Regarding ocular morphology, we observed a subtle constriction of the retinal arterial
vessels with age, which could be a feature found in achromatopsia [3]. A constriction of
the qualitative calibre of the retinal vasculature could, however, also be due to age. The
optic nerve also presented morphological changes with age, suggesting retinal atrophy. We
found no relationship between fundus periphery changes with age and between macula
changes and age. These findings suggest that although progressive retinal changes could
be seen, they are likely to develop slowly. This correlates to prior studies [25–28], which
observed minor macular changes over time and demonstrated that achromatopsia is a
predominantly stationary disorder.

The majority of patients with available genetic data had either a change in the CNGA3
or the CNGB3 gene. This finding corresponds to a past study on achromatopsia in which
these genes accounted for more than 70% of cases [31]. We did not observe any phenotype–
genotype relationship, indicating that the clinical characteristics for genetic mutations of
CNGA3 and CNGB3 were similar, which is in accordance with past studies [20,21,24,26–28].

With the mean age of diagnosis being established at 6.49 years old, we can say that
although the symptoms of achromatopsia were present at birth or early infancy [1], it is
often diagnosed later in childhood. Most of the participants were diagnosed by specialised
eye departments. Two of our patients even self-diagnosed (internet research) and were later
confirmed after consulting an eye doctor who did not identify the disease, indicating that
the disease is still not well known among non-specialised ophthalmologists. However, we
noted that the diagnosis was found at a later age in older patients. We can, therefore, say
that achromatopsia has only recently become better known and is now diagnosed much
earlier than in the past. Most of the participants went to regular school, obtained a high
school diploma, and attended university, which shows that achromats are not academically
hindered. We also noted that attending schools for the visually impaired is not correlated
with better or worse academic achievement in this patient population.

Additionally, an earlier age of diagnosis did not influence education, confirming that
achromats are not academically handicapped. However, it would be misleading to conclude
that achromatopsia is not a handicap in society. There might be a limitation in our study
as there could be a greater tendency to answer the questionnaire by academically more
proficient people.

The fact that the degree of handicap varied among our patients with a very uniform
visual acuity shows that the given degree of handicap is often inappropriate. It should
be a goal in the legal classification of (any) handicap to treat and classify patients only
following standardised tests and personality-independent examinations. Many participants
have indicated that they have problems obtaining aids or allowances for the blind because
institutions only consider visual acuity for the degree of handicap in achromats and not
colour vision deficits and debilitating photophobia.

According to our results, most patients with achromatopsia need to use optical aids
for their symptoms, highlighting the importance of an early and correct diagnosis to
manage the symptoms with the appropriate aids. These visual aids have to be fitted in a
personalised matter to alleviate the individual symptoms of each patient. Edge filter glasses
are the most used, with contact lenses being less used among our patients. This could be
explained by the fact that edge filters combined with contact lenses are not accepted by
German health insurance regulations and can, therefore, be quite expensive. Additionally,
many of the participants indicated in the survey that they would try to avoid edge filter
glasses outdoors to avoid social discrimination, showing that achromats try to adapt to
society. Hence, contact lenses might be a practical option but costly. Reading glasses and a
simple magnifying glass are the most used low-vision aids as they are easier to use than
electronic devices. Many patients use these new technologies (smartphones, tablets) as
low-vision aids.
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Normal visual acuity is the first wish for most patients, followed by a reduction
in glare sensitivity and colour vision. These findings are in accordance with Aboshiha
et al. [15], who also found out that good visual acuity was the main wish for most achromats,
followed by glare sensitivity and colour vision. Furthermore, most participants did not use
a colour recognition system. These findings indicate that colour is not the most debilitating
symptom in total colour blindness but visual acuity and glare sensitivity are contrary to
what one might expect.

In summary, our study suggests that achromatopsia is a relatively stable disease
with only subtle morphological changes. Concerning the quality of life, people need
to be sensitised, as the handicap arising from achromatopsia is still ambiguous. To our
knowledge, this study has the largest sample size for this rare disease with a wide range of
ages. Thus, we could make critical statistical comparisons within the group. It was also the
first to assess the overall quality of life of patients living with achromatopsia. The limitation
was the retrospective aspect with missing information in medical charts, non-respondents
to the survey, and subjective answers, which could lead to missing key data and subjective
bias.

A personalised approach in achromatopsia is essential when evaluating the need for
individual low vision aids and in testing the kind of edge filter. Only this personalised
approach can ensure the best development for children and the best working conditions
for adults.

In our study, the natural history of achromatopsia is based only on a limited 13-year
period in most participants of a younger age. Future longitudinal studies with an extended
follow-up period and the inclusion of older patients are needed to strengthen the claim that
achromatopsia is a stationary disease. Furthermore, studies with a large sample size are
needed to confirm our findings and further analyse individual visual aids and achromats’
quality of life.
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Abstract: Given the improvement in the instrument and techniques, novel surgical interventions
emerged to avoid the osteotomy from the gold standard dacryocystorhinostomy (DCR) for treating
primary acquired nasolacrimal duct obstruction (PANDO). This study’s aim is to compare the surgical
outcomes of antegrade balloon dacryocystoplasty (DCP) with pushed monocanalicular intubation
(MCI) to balloon DCP alone in patients with complete PANDO. Adult patients with complete PANDO
receiving balloon DCP followed by pushed MCI or balloon DCP alone from December 2014 to May
2019 were retrospectively reviewed. A total of 37 eyes of 29 patients were treated with balloon DCP
with pushed MCI for 1 month, whereas 35 eyes of 28 patients were treated with balloon DCP alone.
The success rates at 1 month, 3 months, and 6 months after operation were 89.2%, 73.0%, and 70.2%,
respectively, in balloon DCP with MCI group, and 62.9%, 62.9%, and 60.0%, respectively, in the
balloon DCP alone group. The balloon DCP with pushed MCI group had a better success rate but
only reached statistical significance at 1 month postoperatively (p < 0.01). Subgroup analysis was
performed based on age. The success rate in those under 65 in the combined balloon DCP with
MCI group was significantly higher than in balloon DCP alone group (72.7% vs. 9.1%, p = 0.004),
whereas there was no significant difference between those aged at least 65 in the combined group
and the balloon DCP alone group (69.2% vs. 83.3%, p = 0.2). Conclusively, there was no significant
difference in the success rate between antegrade balloon DCP with and without pushed MCI in
general. Nevertheless, the former procedure was associated with significantly higher surgical success
rate than the latter in younger patients.

Keywords: balloon dacryocystoplasty; monocanalicular intubation; Masterka tube; nasolacrimal
duct obstruction; silicone tube intubation

1. Introduction

Acquired nasolacrimal duct obstruction is the blockage of the lacrimal system, result-
ing in epiphora or excessive tearing, intermittent mucopurulent discharge, and mattering
of the involved eye. It occasionally causes lacrimal sac mucocele, fistula, abscess, acute
or chronic dacryocystitis, or even orbital cellulitis and cavernous sinus thrombosis [1]. It
can be roughly classified as primary acquired nasolacrimal duct obstruction (PANDO)
or secondary acquired lacrimal duct obstruction (SALDO) [1]. SALDO is secondary to
various defined etiologies of lacrimal obstructions categorized into infectious, inflamma-
tory, traumatic, mechanical, and neoplastic SALDO, and the treatments targeting the cause
of the obstruction may efficiently relieve the symptoms, whereas PANDO is defined as
nasolacrimal duct obstruction of unknown etiology.
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Surgical interventions for PANDO can be simply divided into reconstructive surgery
and bypass surgery [2]. Although dacryocystorhinostomy (DCR), which is categorized as
bypass surgery, has been the gold standard treatment for PANDO due to its high success
rate [3–8], there have been some attempts to avoid osteotomy and perform less invasive
procedures to manage nasolacrimal duct obstruction, including balloon dacryocystoplasty
(DCP) and silicone stent intubation, which are categorized as reconstructive surgeries.
Current studies on balloon DCP, silicone stent intubation, or a combination of the two
procedures are mostly focused on partial PANDO, where the reported success rates vary,
ranging from 25% to 76% [9–15]. Some studies have discussed balloon DCP for complete
PANDO [13,14,16], while limited studies have discussed silicone stent intubation [2,16,17],
and even fewer studies reported the result of combination procedure in complete PANDO.

Nowadays, there are two main types of monocanalicular intubation (MCI) available
for management of the nasolacrimal duct obstruction. One is a pulled-type MCI and the
other is a pushed-type MCI. Compared with the pushed-type, the probe guide should be
drawn out from the nostril through the inferior meatus in the pulled-type MCI, which
potentially may lead to intra-operative bleeding due to the penetration of the mucosa of
inferior meatus, and subsequent patients’ discomfort during and after the operation [18].
On the other hand, the probe guide is placed into a silicone tube in the pushed-type MCI,
which may require no manipulation of the nostril and therefore decreases the risk of nasal
bleeding during the procedure [19]. We therefore employed the pushed-type MCI following
balloon DCP in the current study because we believe that it is easier to control and carries a
lower risk than pulled-type MCI in conjunction with balloon DCP. In this study, we aimed
to compare the surgical outcomes of antegrade balloon DCP with pushed-type MCI to
balloon DCP alone in patients with complete PANDO.

2. Materials and Methods

We conducted a retrospective, non-randomized, comparative consecutive study in
the Ophthalmology Department of National Cheng Kung University Hospital in Taiwan.
Approval from the Institutional Review Board at National Cheng Kung University Hospital
was obtained. All procedures in this study with human participants were in accordance
with the ethical standards of National Cheng Kung University Hospital, the 1964 Helsinki
declaration, its later amendments, and all laws in Taiwan. An informed consent was waived
by the Institutional Review Board at National Cheng Kung University Hospital due to the
retrospective nature of the study.

From December 2014 to May 2019, patients with complete nasolacrimal duct obstruc-
tion (NLDO) based on obstructed intra-sac irrigation and the symptom of epiphora were
enrolled in the present study. Post-operative follow up was required to be more than
6 months. Thereafter, we excluded patients aged younger than 18 years old, and those with
previous lacrimal procedure, prior ocular adnexal procedures, upper lacrimal drainage
obstruction, punctal stenosis, or ocular infection. All patients underwent antegrade balloon
DCP (LacriCATH®, QUEST Medical Inc., Allen, TX, USA, 3 mm balloon diameter, 15 mm
in length) followed by a pushed monocanalicular silicone stent (Masterka®; FCI SAS, Paris,
France) intubation for 1 month or balloon DCP alone as the primary treatment for com-
plete PANDO. Balloon DCP was covered by National Health Insurance in Taiwan whereas
pushed-type MCI was not and required an extra fee from patients for the MCI tube. Thus,
surgical interventions whether to use the pushed-type MCI or not following balloon DCP
in the current study was mainly determined by the patient’s decision. Subgroup analysis
was performed based on age.

All procedures were performed by the same ophthalmologist, Dr. CCL, under local
anesthesia at National Cheng-Kung University Hospital, Taiwan. The procedure of balloon
DCP in the two groups was as follows. Initially, we dilated the upper punctum. Then,
probing was performed with a Bowman probe. In the next step, we inserted a balloon
catheter via the superior punctum until the superior mark of the catheter reached the
lacrimal punctum (15 mm distance from the balloon). Next, we inflated the balloon using
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a manometer at eight atmospheres for 90 s followed by another one at the same pressure
for 60 s. After the balloon was deflated, we withdrew the balloon catheter until the second
mark of the catheter reached the lacrimal punctum (10 mm from the balloon). A 90-s
inflation, deflation, and a 60-s inflation were performed again at eight atmospheres.

In the balloon DCP with MCI group, we then performed the tube-inserting procedures.
After the balloon catheter was deflated and removed, we dilated the lower punctum and
inserted a sizer through the inferior punctum until its tail reached the nasal floor, meanwhile
testing whether the pushed-type antegrade MCI was appropriate for the patient. Next, we
measured the proper length of the introducer (30, 35, 40 mm) according to the point on the
sizer where the punctum was fitted. After measuring the proper length, we removed the
sizer and performed a pushed-type antegrade MCI through the inferior punctum. Then,
we withdrew the guide along the axis of the lacrimal sac. Finally, an anchoring plug was
inserted into the vertical canaliculus. We placed the pushed-type MCI through the lower
punctum under the assumption that more tear flow drains down the lower punctum by
gravity. We thought that by placing the pushed-type MCI in the lower rather than upper
punctum, the drainage would be improved more efficiently after the removal of the tube.
Nevertheless, this assumption has not been confirmed so far.

All operated eyes were treated with topical 0.3% gentamicin and 0.1% betamethasone
sodium phosphate four times per day for 2 weeks, followed by topical 4% sulfamethoxazole
and 0.1% fluorometholone four times per day for 2 weeks. Postoperative follow up was
arranged at approximately 1 week postoperatively. After that, we arranged an appointment
at 1 month postoperatively to remove the stents at the outpatient department without
anesthesia. Then, we performed intra-sac irrigation to check whether the lacrimal system
was patent. Afterwards, we arranged a further outpatient department follow up at 3 months
and 6 months postoperatively. Intra-sac irrigation was performed at the two follow-
up appointments.

Surgical success was defined as a patent lacrimal draining system based on the intra-
sac irrigation results and patient’s subjective improvement of symptoms. The surgical
outcomes were recorded at 1 month, 3 months, and 6 months postoperatively. Patients
who missed their postoperative appointments for intra-sac irrigation and arranged another
outpatient department follow-up themselves were included in this study. If the intra-sac
irrigation demonstrated patency over 6 months postoperatively, we defined it as surgical
success at 3 months and 6 months postoperatively. If the patient was unable to tolerate
epiphora and underwent another surgical intervention less than 6 months postoperatively,
the outcome was considered a surgical failure at 6 months postoperatively.

A statistical analysis was completed using Mann–Whitney U tests and the Fisher’s
exact test via software Statistical Product and Service Solutions (SPSS, Armonk, NY, USA),
version 20.00. Differences were considered statically significant if the p value was less
than 0.05.

3. Results

A total of 72 eyes of 56 patients with complete NLDO treated with balloon DCP with or
without pushed type MCI were included in our study. A total of 37 eyes of 29 patients were
treated with balloon DCP combined with pushed-type MCI, while 35 eyes of 28 patients
were treated with balloon DCP alone. There were no intraoperative complications found in
either group. The baseline characteristics of the two groups are provided in Table 1. No
significant differences between age, gender, or laterality were found. There were also no
between-group differences found in the proportion of patients younger than 65 years old
and those at least 65 years old.

At 1 month postoperatively, the balloon DCP with MCI group had a significantly
higher success rate than the balloon DCP alone group (89.2% vs. 62.9%, p = 0.009). How-
ever, no significant differences were found at 3 months (73.0% vs. 62.9%, p = 0.25) or
6 months (70.2% vs. 60.0%, p = 0.25) postoperatively despite the fact that the success
rates of the balloon DCP with MCI group were higher than that of the balloon DCP alone
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group (Table 2). No postoperative complications were found in patients treated with
balloon DCP and MCI; nevertheless, one eye in the balloon DCP alone group developed
chronic dacryocystitis.

Table 1. Demographic data in patients in balloon DCP combined with pushed-type MCI group and
balloon DCP alone group.

Variable Balloon DCP with MCI
(37 Eyes of 29 Patients)

Balloon DCP Alone
(35 Eyes of 27 Patients) p Value

Gender (male/female) 2/27 6/21 0.14 a

Number of eyes >0.99 a

18–64 years old 11 11

≥65 years old 26 24

Mean age (years old) 69.3 ± 12.2 66.1 ± 13.2 0.23 b

Laterality 0.24 a

Right 19 23

Left 18 12
a Two-tailed Fisher’s exact test; b Two-tailed Mann—Whitney U test.

Table 2. Postoperative surgical success rate in patients in balloon DCP combined with pushed-type
MCI group and balloon DCP alone group.

Balloon DCP with MCI Balloon DCP Alone p Value

1 month 33/37 (89.2%) 22/35 (62.9%) <0.01 a*
3 months 27/37 (73.0%) 22/35 (62.9%) 0.25 a

6 months 26/37 (70.2%) 21/35 (60.0%) 0.25 a

a One-tailed Fisher’s exact test * p < 0.05.

We conducted a subgroup analysis by dividing the patients into those under 65 years
old and those aged at least 65 years old. The demographics and the results of the subgroup
analysis are demonstrated in Table 3. No significant differences were found in age, gender,
and laterality.

Table 3. Demographic data in patients in balloon DCP combined with pushed-type MCI group and
balloon DCP alone group for patients younger than 65 years old and aged at least 65 years old.

Age <65 Years Old
p Value

Age ≥65 Years Old
p Value

Balloon DCP with MCI Balloon DCP Balloon DCP with MCI Balloon DCP

Gender (male/female) 0/10 2/7 0.21 a 2/17 4/14 0.40 a

Mean age (years) 53.5 ± 8.8 49.8 ± 8.8 0.25 b 76.0 ± 5.3 73.6 ± 6.3 0.12 b

Laterality >0.99 a 0.27 a

Right 6 7 13 16

Left 5 4 13 8
a Two-tailed Fisher’s exact test; b Two-tailed Mann–Whitney U test.

The success rates were significantly higher in balloon DCP with MCI group than in
balloon DCP alone group in patients aged less than 65 years old at 1 month, 3 months,
and 6 months postoperatively (81.8% vs. 9.1%, p = 0.001; 72.7% vs. 9.1%, p = 0.004;
72.7% vs. 9.1%, p = 0.004; Table 4). On the other hand, there were no significant between-
group differences in success rate in those treated with balloon DCP with or without MCI
in patients at least 65 years old at 1 month, 3 months, and 6 months postoperatively
(92.3% vs. 87.5%, p = 0.46; 73.1% vs. 87.5%, p = 0.18; 69.2% vs. 83.3%, p = 0.20; Table 4).
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Table 4. Postoperative surgical success rate in patients in balloon DCP combined with pushed-type
MCI group and balloon DCP alone group for patients younger than 65 years old and aged at least
65 years old.

Age <65 Years Old
p Value

Age ≥65 Years Old
p Value

Balloon DCP with MCI Balloon DCP Balloon DCP with MCI Balloon DCP

1 month 9/11 (81.8%) 1/11 (9.1%) <0.01 a* 24/26 (92.3%) 21/24 (87.5%) 0.46 a

3 months 8/11 (72.7%) 1/11 (9.1%) <0.01 a* 19/26 (73.1%) 21/24 (87.5%) 0.18 a

6 months 8/11 (72.7%) 1/11 (9.1%) <0.01 a* 18/26 (69.2%) 20/24 (83.3%) 0.20 a

a One-tailed Fisher’s exact test. * p < 0.05.

4. Discussion

The nasolacrimal duct obstruction can be categorized into congenital or acquired
according to the onset of age, and the management of the two are fundamentally different.
The etiology of congenital nasolacrimal duct obstruction (CNLDO) is mostly the failure
of nasolacrimal duct canalization, which is often in regard to mechanical obstruction at
the valve of Hasner [20]. CNLDO affects approximately 20% of newborns worldwide [20].
Among them, around 96% of infants of CNLDO have spontaneous resolution of the symp-
toms in their first year of life [21]. Another study revealed a 60% spontaneous resolution
after the children were 2 years old and a decreasing rate of spontaneous remission after
they turned 18 months old [22]. Therefore, the current consensus of treating CNLDO
is observation of the symptom of epiphora in the 1 year of age before further surgical
intervention for CNLDO. According to our experience, antegrade balloon DCP followed by
a short-term intubation with the pushed-type MCI is a high-potential surgical approach
with a high success rate (96.77%) as a primary surgical treatment for CNLDO [19].

Acquired nasolacrimal duct obstruction is the blockage of the lacrimal system, result-
ing in epiphora, intermittent mucopurulent discharge, and mattering of the involved eye.
It can be roughly classified as PANDO and SALDO [1]. SALDO is secondary to defined
etiologies of obstructions, and is categorized into infectious, inflammatory, traumatic, me-
chanical, and neoplastic SALDO. The main treatment is to define and target the cause of
the obstruction.

PANDO is defined as nasolacrimal duct obstruction of unknown etiology. Different
from CNLDO and SALDO, the exact cause of PANDO is under investigation and seems to
be multifactorial. PANDO may be a result of chronic inflammation, subsequent fibrosis, and
further obstruction of the nasolacrimal duct. Some pathological studies have also shown
fibrous formation secondary to chronic inflammation in the obstructed lacrimal drainage
system [23]. The chronic inflammation and fibrosis may be the reason that the balloon DCP
combined with pushed-type MCI in patients with PANDO had a lower success rate than
that in patients with CNLDO. There is other reported pathophysiology of PANDO. Ectopic
nasal epithelial cells in the nasolacrimal duct may also play a role in nasolacrimal duct
obstruction [24] and the lacrimal duct-associated lymphoid tissue derangement may alter
the immune response and could further lead to PANDO [25]. In the current study, we found
PANDO mostly affected patients around their sixth and seventh decades, characterized
with female predominance, which was compatible with previous studies [7,8]. It might
result from the relatively smaller diameter of nasolacrimal duct in female patients [26,27],
hormonal changes particularly in postmenopausal women [28], and derangements of
lacrimal drainage-associated lymphoid tissue in chronic dacryocystitis [25].

Surgical interventions for PANDO can be divided into reconstructive surgery and
bypass surgery [2]. DCR, a bypass surgery, is currently considered as the standard treat-
ment for PANDO due to its high success rate, which was reported with approximately
90% [3,4,6,8]. When it comes to complete PANDO, DCR has also been suggested as the
gold standard. A meta-analysis reported a success rate varied from 64 to 100% in exter-
nal DCR and 84 to 94% in endoscopic DCR [29]. Over the past few decades, endoscopic
DCR has grown in popularity. In comparison with external DCR, endoscopic DCR has
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the advantages of better cosmetic outcome and no facial scarring, a shorter wound re-
covery time and hospital stay, less blood loss during surgery, and better visualization
of endonasal anatomy. Endoscopic DCR enables the operator to simultaneously correct
nasal abnormalities like a deviated nasal septum and hypertrophic turbinate, and it is
applicable for acute dacryocystitis [30–35]. Disadvantages of endoscopic DCR include more
expensive equipment and steep learning curve that a thorough understanding of endonasal
anatomy is required [30,32,33]. Our experience in endoscopic DCR with silicone stenting
for complete PANDO showed a success rate of 82% in endoscopic DCR with pulled-type
MCI and 87% in endoscopic DCR with pushed-type bicanalicular intubation (BCI) [8].
Furthermore, the subgroup analysis of our previous study showed no significant difference
of the success rates in patients with or without previous dacryocystitis [8]. Although DCR
possesses a better surgical outcome, it resolves the PANDO at the cost of invasiveness,
such as osteotomy regardless of endonasal or external approach. In order to decrease the
level of invasiveness and bleeding while operating; transcanalicular laser-assisted DCR
was developed as an alternative to the conventional DCR by Michalos et al. [36]. However,
Ayintap et al. revealed a lower success rate (62%) in transcanalicular laser-assisted DCR in
complete PANDO patients younger than 65 years old at 2-year follow up [37].

To avoid osteotomy and decrease the invasiveness, reconstructive surgeries were
attempted to manage PANDO. Kuchar and Steinkogler used antegrade balloon DCP com-
bined with silicone stent intubation for 3 to 6 months for complete NLDO, and the success
rate was 90% at 3 months and 70% at 6 months postoperatively [16]. In the present study,
antegrade balloon DCP was combined with pushed-type MCI intubation for only 1 month,
which is the shortest reported intubation duration to date [7,9–12,15–17,38]. We believed
that a shorter intubation time would contribute to a lower rate of early stent loss and
reduce possible complications related to stents, such as keratitis, canaliculitis, granulation
formation, or intracanalicular stent migration. In our study, we placed the pushed-type
MCI through the lower punctum into the nasolacrimal duct under the assumption that
more tear flow drains down the lower punctum by gravity and, thus, drains more efficiently
from the lower punctum. This was different from those described in previous studies by
Fayet et al. [39], in which the authors favored inserting the intubation through the upper
punctum to prevent the punctal plug of MCI from touching the cornea and causing keratitis.
Nonetheless, there was no corneal irritation or keratitis reported after surgery in our study,
indicating that the punctal plug of pushed-type MCI anchored on the lower punctum did
not raise the risk of corneal damage by stents.

A randomized trial conducted by Andalib et al. compared bicanalicular intubation
(BCI) and MCI for partial PANDO, revealing no significant differences in the surgical
outcome between the two [15]. However, to date, there have been no comparative studies
for complete PANDO. Mimura et al. reported a clinical success rate of 91.7% at 6 months
postoperatively using BCI for complete PANDO without canaliculi involvement, while
Inatani et al. reported a success rate of 68% [2,17]. However, surgical outcomes for MCI for
complete PANDO have not yet been studied.

We favored MCI rather than BCI in the present study. Despite the use of prophylac-
tic antibiotics, the postoperative infection rate with BCI for complete PANDO has been
reported in previous studies to be as high as 9.5% [15,17]. Furthermore, a high punctal
laceration rate (13.6%) was also reported by Kashkouli et al. [38]. Each case in our study
presented with PANDO without canalicular involvements; therefore, bicanalicular stents
may be unnecessary. Wladis et al. reported a risk of damage to the uninvolved canaliculus
with the BCI [40]. As a result, pushed-type MCI seemed to be a better option in our study
due to adequate intubation of the nasolacrimal duct, easy and speedy insertion, and less
discomfort for the patients. However, unlike MCI, bicanalicular stents can be fixed without
a punctal plug. Therefore, if the surgeons considered the opening of the punctum to be
inadequate for the punctal plug to be properly anchored in MCI, the BCI may be the
preferred choice.
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There are two currently available types of MCI: a pulled-type and a pushed-type MCI.
The pulled-type MCI required some interventions at the inferior turbinate while the pushed-
type one did not [41]. We favored pushed-type MCI stents because repeated manipulations
at the inferior meatus were not required during intubation when comparing with pulled-
type MCI or pulled-type BCI. This may reduce operation time, lessen intra-operative nasal
bleeding, and minimize pain for patients.

Our success rate at 3 months postoperatively seemed to be lower when compared with
a previous study in which antegrade balloon DCP with silicone stent intubation was com-
bined (73.0% vs. 90%, respectively), but the result was similar at 6 months postoperatively
(70.2% vs. 70%) [16]. Since a longer postoperative follow-up period has been suggested,
the differences between previous studies and the current study at 3 months and 6 months
postoperatively were not significant [16]. Furthermore, the current study revealed that
the additional pushed-type MCI for antegrade balloon DCP did not significantly improve
the surgical outcomes in general since the success rates were not significantly higher at
3 months and 6 months postoperatively despite the significantly higher success rate at
1 month postoperatively.

To our knowledge, our study is the first to compare the differences in success rates
between patients younger than 65 years old and those older than 65 for balloon DCP and
silicone stent intubation. Interestingly, we found the success rates when combining balloon
DCP with pushed-type MCI were always significantly higher than when using balloon
DCP alone in patients younger than 65 years old regardless of the postoperative timing. On
the other hand, there were no significant differences in the success rates between patients
receiving balloon DCP with or without pushed-type MCI if the patients were aged over
65 years old. The silicone stent maintained the patency of the nasolacrimal duct [42], while
balloon DCP only creates a perioperatively patent nasolacrimal duct (NLD). The stent
intubation might weigh more in younger patients who possess stronger inflammatory
reaction and more wound adhesion post-operatively than the older patients. By combining
balloon DCP with pushed-type MCI, the patency of the NLD was maintained by avoiding
excessive scarring, and consequently resulted in a better surgical outcome.

Due to the invasiveness of the bypass surgery, reconstructive surgery such as balloon
DCP or stent intubation also plays a significant role in the management of PANDO. Al-
though our overall long-term success rates with balloon DCP combined with pushed-type
MCI (70.2%) did not achieve that using conventional DCR (around 90%), the procedure
still yielded several advantages. First, no general anesthesia was required for the surgical
method in the current study. Second, we minimized the degree of invasiveness by pre-
serving the original nasolacrimal system instead of performing an osteotomy and largely
decreased the operation time. Third, the present method did not require further manipula-
tion of the inferior nasal meatus; thus, we decreased the possibility of significant bleeding.
Last but not least, no obvious immediate postoperative complications were found after
antegrade balloon DCP with the pushed-type MCI in the current study. Many patients,
especially elderly individuals, may select balloon DCP with or without intubations instead
of endoscopic DCR as the primary therapy for their nasolacrimal duct blockages due to the
benefits indicated above.

In an attempt to improve the surgical success of treating NLDO, antimetabolites such
as mitomycin-C have been used in adjunct with probing [43], external DCR [44,45], as well
as endoscopic DCR [45], and have resulted in a better success rate with the application of
mitomycin-C. However, there has been no consensus regarding the dosage of mitomycin-C
to date. Tsai et al. reported that 89% of eyes treated with lacrimal probing with adjunc-
tive low-dose mitomycin-C (0.2 mg/mL) irrigation achieved a patent nasolacrimal duct
9 months after lacrimal probing for epiphora in adults, and no complications were noted
during the follow-up period [43]. Various concentrations and durations of mitomycin-C
application in DCR were also reported and reviewed [45]. Because of the effect of inhibiting
the synthesis of collagen by fibroblasts and subsequently reducing the fibrosis, applying
adjunctive low-dose mitomycin-C may be a feasible and safe way to improve the surgical
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outcome of antegrade balloon DCP with or without stenting in our current study, but
further study is needed for a more solid conclusion.

The current study was limited by its retrospective and non-randomized design. Addi-
tionally, we did not use any radiographic assistance to confirm the diagnosis of complete
PANDO, for example, transcanalicular endoscopy or dacryocystography [13,16]. In addi-
tion, our case number was relatively small, which may limit the statistical power. Current
results implied efficiency and few complications with antegrade balloon DCP followed
by pushed-type MCI for patients with complete PANDO at 6 months postoperatively, and
further large-scaled investigations with longer follow-up duration are needed for a more
definite long-term result.

In general, the combination of balloon DCP and pushed-type MCI did not lead to
a significantly higher success rate as compared with balloon DCP alone for complete
PANDO. However, in patients under 65 years old with complete PANDO, the combination
of balloon DCP and pushed-type MCI was associated with significantly higher surgical
success rates as compared with balloon DCP alone. In addition, the former procedure
had several advantages over DCR, including its non-invasiveness and the avoidance of
general anesthesia as well as hospitalization for postoperative care. Balloon DCP followed
by pushed-type MCI could be of value when it comes to treating complete PANDO in
younger patients and it could also serve as an alternative for the elderly who are poor
candidates for general anesthesia.
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Abstract: Nocturnal and circadian intraocular pressure (IOP) fluctuations are important issues in
glaucoma treatment. Ripasudil 0.4% eye drops, a new glaucoma medication, lowers IOP by increasing
aqueous humor outflow through the trabecular meshwork. We aimed to compare differences between
circadian IOP fluctuations measured using a contact lens sensor (CLS) before and after administering
0.4% ripasudil eye drops adjunctively to patients with primary open-angle glaucoma (POAG) and
normal tension glaucoma (NTG). Patients with POAG (n = 1) and NTG (n = 5) underwent 24 h IOP
monitoring with a CLS before and after administering ripasudil eye drops every 12 h (8 a.m., 8 p.m.)
for 2 weeks without discontinuing currently used glaucoma medications. No vision-threatening
adverse event occurred. The reduction in IOP fluctuation and the reduction in the SD of IOP in
24 h, awake time and sleep time did not reach statistical significance. The baseline office-hour
IOP, which was measured using Goldmann applanation tonometry (GAT), ranged in the low teens,
and the reduction in office-hour IOP also did not show a significant difference. Further study is
necessary to evaluate whether the low baseline IOP with less IOP reduction relates to attenuated IOP
fluctuation reduction.

Keywords: circadian IOP fluctuation; contact lens sensor; glaucoma; intraocular pressure; ripasudil

1. Introduction

Glaucoma refers to a group of ocular diseases that can result in optic nerve fiber layer
loss leading to constriction of the visual field. Glaucoma is a major cause of irreversible
blindness globally. Lowering the intraocular pressure (IOP) remains the most important
treatment for glaucoma [1]. Despite achieving good control of IOP, deterioration of the
visual field may still be observed in routine clinical practice. Determining whether IOP
other than that measured during office hours is well controlled remains a challenge [2].
Measuring IOP several times a day using Goldmann applanation tonometry (GAT) or
non-contact pneumotonometry may solve this problem [3,4]. However, GAT and non-
contact pneumotonometry are measured in the sitting position, and body position may
affect changes in IOP. Moreover, the limited frequency of measurements poses a challenge
to the detection of any change in IOP [5]. A contact lens sensor (CLS) can continuously
measure the IOP for the 24 h in a day and in the supine position while sleeping; therefore,
it could solve this problem [6].

Ripasudil (Glanatec® ophthalmic solution, 0.4%; Kowa Company, Ltd., Nagoya, Japan)
is a Rho-associated coiled-coil-containing protein kinase inhibitor drug, and in Japan, it

93



J. Pers. Med. 2023, 13, 800

was approved for glaucoma treatment in 2014. Ripasudil lowers IOP by inducing a mor-
phological change in the trabecular meshwork (TM) and then increasing the conventional
aqueous outflow through the TM and Schlemm’s canal [7]. The IOP-lowering effect of
ripasudil has been demonstrated in previous studies [8]. Tanihara et al. reported that the
IOP-lowering effect of ripasudil persisted for 7 h after the first (9 a.m.) and second (9 p.m.)
administrations [9]. Moreover, ripasudil was more effective in lowering IOP during the
day and at night than the placebo. However, the IOP was measured in a sitting position
using GAT, and sleep was disrupted during the measurement. The nocturnal IOP-lowering
effect of ripasudil in the supine position can be measured using a CLS without disrupting
sleep; therefore, we can acquire information regarding the IOP fluctuation change after
ripasudil eye drop administration under natural physiological conditions.

To the best of our knowledge, there has been no research to date, and this is the first
study to compare the 24 h IOP-fluctuation changes before and after a 2-week adjunctive
administration of ripasudil eye drops using a CLS in patients with glaucoma.

2. Materials and Methods
2.1. Patients

This was a prospective open-label, single-arm study. Between January 2022 and
April 2023, one patient with primary open-angle glaucoma (POAG) and five patients with
normal tension glaucoma (NTG) from the Yokohama Hodogaya Central Hospital, Japan,
a co-sponsor institute of this study, were enrolled in this study. The inclusion criteria
required the patients to be aged 20 years or older and diagnosed with POAG or NTG.
The diagnostic requirements for a glaucomatous visual field included the following: (1) a
glaucoma hemifield test result outside the normal limits, compatible with retinal nerve
fiber layer (RNFL) loss; (2) three or more abnormal points with a probability of being
normal of p < 5% and at least one point with a pattern deviation of p < 1%; or (3) a pattern
standard deviation (SD) of p < 5%. Patients were excluded if (1) their condition was
diagnosed as secondary open-angle glaucoma or angle-closure glaucoma, (2) they had
any history of silicone allergy or adverse reactions to contact lens use before, or (3) they
received systemic steroid treatment or topical steroid eye drops treatment for systemic
disease or uveitis. The patients underwent a complete ophthalmic examination during the
screening visit, including slit-lamp biomicroscopy, gonioscopy, GAT, refraction tests, central
corneal thickness (CCT) measurement, dilated fundus examination, standard automated
perimetry (Humphrey 30-2 SITA-Standard; Carl Zeiss Meditec, Inc., Dublin, CA, USA),
and RNFL thickness examination (SS-OCT; DRI OCT Triton-1, Topcon, Tokyo, Japan). The
eye with the worst mean deviation in the visual field test was recruited. The baseline
office-hour IOP was measured using GAT, and the 24 h IOP was measured using a CLS
without hospital admission. The CLS was administered by an ophthalmologist in the
ophthalmology outpatient department. The patients were instructed to record the time of
sleep and the time of awakening. The office-hour GAT IOP was measured before applying
a CLS, and then CLS 24 h IOP measurements were repeated at around the same time in the
day as the first CLS measurement after the 2-week administration of ripasudil eye drops
every 12 h (8 a.m., 8 p.m.) without discontinuing the currently used eye drops.

2.2. Parameters of Contact Lens Sensor Measurements

The SENSIMED Triggerfish® (Sensimed AG, Lausanne, Switzerland) comprises a
wireless silicon CLS with embedded strain gauges, an antenna to be attached around the
eye, and a recorder. A photograph of the CLS is presented in Figure 1. The CLS device can
record IOP continuously for 24 h without disturbing the patient’s daily routine [10]. The
CLS records the IOP-related corneoscleral biodimensional change. However, the output is
provided in millivolts equivalent (mVeq), which cannot be converted to IOP in millimeters
of mercury (mmHg) directly. A highly positive correlation has been observed between the
IOP measured using a CLS (mVeq) and that measured using a tonometer (mmHg) [11,12].
Otherwise, another study reported a low correlation between the IOP measured using a CLS
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(mVeq) and the IOP (mmHg) measured using the Tono-pen® XL applanation tonometer
(r = 0.291) [13]. The value of IOP measured using a CLS (mVeq) could not be considered
as the true IOP, but the fluctuation of the IOP value measured using a CLS is considered
effective and safe for clinical use and has been used in some clinical projects pertaining to
glaucoma research [14].
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Figure 1. External photograph of CLS (a) antenna and recorder; (b) contact lens; (c) external eye pho-
tograph of the participant’s ocular surface right after CLS administration; (d) external eye photograph
after 24 h administration, mild conjunctiva congestion noted.

The CLS parameters included the average and SD values of IOP measurements in
a 24 h day, at sleep and awake times; IOP fluctuations (difference between maximum
value and minimum value) during the 24 h, at sleep and awake times; maximum value
during the 24 h, at sleep and awake times; difference between the sleep and awake average
IOPs; amplitude of the cosine fit curve; and IOP in mmHg measured using GAT. The CLS
measured the IOP every 5 min; therefore, data (ID) were recorded 288 times within 24 h.
The SD values, IOP fluctuations, maximum values for 24 h and sleep and awake times were
calculated using RAW data. The circadian rhythm measurement was based on the cosine
fit curve used to study the circadian biological rhythm. The cosine fit curve of the 24 h IOP
measurements was examined using JMP statistical software with time-series analysis. The
AUC was calculated using the integral of the cosine fit curve during sleep. To calculate
the mean IOP of sleep time, the sleep time AUC was divided by the ID interval number of
sleep time. To compare the circadian IOP fluctuations before and after the administration
of ripasudil eye drops, the amplitudes of the cosine fit curve and the difference between
the sleep time and awake time average IOPs were calculated. Ripasudil eye drops were
administered at 8 a.m. and 8 p.m. According to Tanihara et al., the IOP-lowering effect
of ripasudil persists for approximately 7 h after administration [9]. Therefore, in order to
avoid the period that ripasudil might no longer be effective, we divided the awake time
and sleep time IOP measurement period into two halves starting at 3 p.m. and 3 a.m.,
respectively, and SD values and IOP fluctuations of the first half in awake time and sleep
time were calculated. A sample CLS measurement is presented in Figure 2.
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2.3. Statistical Analysis

The paired samples were compared using paired t-tests. Except where stated otherwise,
the data are presented as mean ± SD values. All analyses were performed using JMP®

PRO 15 (SAS institute, Inc., Cary, NC, USA 2019).

2.4. Ethical Approval

The ethics committee of the Yokohama City University Graduate School of Medicine
approved the study, and written informed consent was obtained from all participants. The
study adhered to the contents of the Declaration of Helsinki. The study was registered
(UMIN000041093) in the University Hospital Medical Information Network Clinical Trials
Registry (UMIN-CTR) of Japan.

3. Results

The study included one patient with POAG and five patients with NTG. The ocular
characteristics and demographic features of the participants are summarized in Table 1.
None of the patients withdrew their participation in the study due to the adverse effects
of ripasudil. Transient conjunctival congestion and blurred vision were noted in all cases
after the CLS examination; however, these symptoms improved within one day. No other
adverse effects, such as corneal ulcers, were noted.

Table 1. Baseline demographic and ocular characteristics of the study participants.

Characteristic Value

Age, years (mean ± SD) 58.33 ± 13.89
Sex (n)

Male 4
Female 2

Ancestry (n)
Asian 6

SER, D (mean ± SD) −2.96 ± 1.6
CCT, µm (mean ± SD) 516.5 ± 28.85
IOP, mmHg (mean ± SD) 13.167 ± 2.714
Visual field parameters (mean ± SD)

MD, dB −4.78 ± 3.3
PSD, dB 6.56 ± 4.54
VFI, % 88.33 ± 8.31

OCT parameters
RNFL thickness, µm (mean ± SD) 71.08 ± 9.36

Medication number (mean ± SD) 2 ± 1.09
Abbreviations: CCT, central corneal thickness; D, diopters; IOP, intraocular pressure; MD, mean deviation; OCT,
optical coherence tomography; PSD, pattern standard deviation; RNFL, retinal nerve fiber layer; SD, standard
deviation; SER, spherical equivalent refraction; VFI, visual field index.
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The results of the paired t-tests before and after the administration of ripasudil are
presented in Table 2. Although the value of each parameter became lower after ripasudil
eye drop administration, the reduction did not reach statistical significance. The IOP
measured in mmHg using GAT also did not reveal statistical significance.

Table 2. Comparison of the differences between intraocular pressure-related parameters before and
after administering ripasudil eye drops.

CLS Parameter, GAT IOP Before Ripasudil After Ripasudil p-Value

24 h average IOP, mVeq 218.760 ± 80.100 102.311 ± 97.784 0.0265 *
24 h IOP fluctuation, mVeq 433.467 ± 135.872 407.867 ± 90.102 0.3337
24 h IOP maximum, mVeq 407.300 ± 147.486 337.150 ± 91.250 0.1331

Sleep time average IOP, mVeq 296.774 ± 106.009 216.554 ± 110.489 0.0551
Sleep time average IOP before 3 a.m., mVeq 297.879 ± 125.821 221.780 ± 125.879 0.0855
Sleep time IOP fluctuation, mVeq 173.817 ± 70.431 146.133 ± 35.187 0.2529
Sleep time IOP fluctuation before 3 a.m., mVeq 166.250 ± 73.625 118.500 ± 28.613 0.1358
Sleep time IOP maximum value, mVeq 396.719 ± 148.986 291.650 ± 114.563 0.0723

Awake time average IOP, mVeq 178.478 ± 67.601 89.808 ± 71.734 0.0093 *
Awake time average IOP before 3 p.m., mVeq 94.717 ± 55.398 31.599 ± 121.857 0.1039
Awake time IOP fluctuation, mVeq 386.400 ± 153.716 370.67 ± 112.953 0.3828
Awake time IOP fluctuation before 3 p.m., mVeq 158.867 ± 44.401 142.033 ± 39.801 0.0647
Awake time IOP maximum value, mVeq 360.217 ± 160.586 299.300 ± 98.133 0.1439

24 h IOP SD, mVeq 105.442 ± 49.723 102.602 ± 36.562 0.4453
Sleep time IOP SD, mVeq 39.647 ± 16.677 32.808 ± 6.187 0.2306
Sleep time IOP SD before 3 a.m., mVeq 39.729 ± 20.588 25.244 ± 8.132 0.1250
Awake time IOP SD, mVeq 103.148 ± 60.864 94.902 ± 44.280 0.3716
Awake time IOP SD before 3 p.m., mVeq 36.601 ± 6.086 31.726 ± 14.034 0.1305

Difference between sleep time average IOP and
awake time average IOP, mVeq 118.296 ± 46.641 126.745 ± 54.248 0.6553

Amplitude of cosine fit curve, mVeq 122.184 ± 67.493 116.234 ± 60.533 0.4136

Sleep time AUC of cosine fit curve/ID
interval number 297.668 ± 112.092 205.650 ± 124.905 0.0570

GAT, mmHg 13.167 ± 2.714 12.333 ± 1.751 0.1446

* Statistically significant. Data are presented as mean ± SD. Abbreviations: AUC, area under the curve; CLS,
contact lens sensor; GAT, Goldmann applanation tonometry; SD, standard deviation; IOP, intraocular pressure.

4. Discussion

The lowering of nocturnal IOP plays a crucial role in the daily treatment of glaucoma,
and the nocturnal IOP-lowering effects of glaucoma medications have been reported
in previous studies. β-blockers (e.g., timolol) are less effective in reducing IOP during
nighttime hours [15–17]. The efficacy of carbonic anhydrase inhibitors (CAIs) in lowering
nocturnal IOP remains controversial, as a significant reduction in nocturnal IOP was
reported by some studies [18,19], whereas ineffectiveness in lowering IOP during the
nocturnal hours was reported by another study [20]. β-blockers and CAIs lower IOP
by suppressing aqueous humor production. A previous study revealed the presence
of a circadian rhythm in aqueous humor production; the aqueous humor production is
lower at night, and this might make the IOP-lowering effect of β-blockers and CAIs less
effective at night [21]. Prostaglandin (PG) analogs lower IOP by affecting the uveoscleral
outflow. Notably, among PG analogs, different medications possess varying nocturnal
IOP-lowering effects, even with similar IOP-lowering mechanisms. Stewart et al. reported
that for latanoprost, the mean reduction in nighttime IOP was significantly lower than
that of daytime IOP. However, the same effect could not be noted for bimatoprost and
travoprost [22]. Ripasudil reduces the IOP by changing the cell morphology of the TM.
The IOP-lowering effect would presumably be less affected by the circadian rhythm of
aqueous humor production. Therefore, theoretically, there might be a chance to reduce
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the nocturnal IOP and then reduce the IOP circadian fluctuation after ripasudil eye drop
administration. However, the reduction in circadian fluctuations did not reach statistical
significance after a 2-week ripasudil eye drop administration in the present study. The
possible reason is that the nocturnal IOP reduction amount was not significantly larger than
the diurnal IOP reduction after ripasudil eye drop administration. However, there is no
study comparing the reduction in nighttime IOP with that of daytime IOP after ripasudil
eye drop administration directly. Further evaluation is necessary.

Due to the effect of the loosening of the TM and the juxtacanalicular tissue, the
mechanism of the IOP-lowering effect of ripasudil is considered similar to that of selective
laser trabeculoplasty (SLT). Previous studies reported the relationship, comparisons, and
treatment effects of ripasudil and SLT. Baba et al. reported increased success rates of SLT
in patients with ripasudil-effective glaucoma [23]. Ono et al. reported that both adjuvant
ripasudil and SLT reduced IOP significantly in patients with inadequately controlled
glaucoma, and the percentage reduction in IOP between the two groups was not statistically
significant [24]. Tojo et al. used a CLS to measure the changes in IOP before and after SLT
in patients with NTG [25]. They reported that the reduction in circadian IOP fluctuation
before and after SLT was not statistically significant (p = 0.77); however, the reduction in
the nocturnal IOP fluctuation was significant (before SLT, 290 ± 86 mVeq vs. after SLT,
199 ± 31 mVeq; p = 0.014). In the present report, the reduction in circadian IOP fluctuation,
sleep time IOP fluctuation, IOP fluctuation of the first half of sleep time and reduction
in IOP measured by GAT were all not statistically significant. The baseline IOP and the
characteristics of patients were not similar between the previous reports and the present
study, so we could hardly compare the IOP-fluctuation-reducing effect between SLT and
ripasudil directly. Whether there is similarity in IOP lowering-mechanisms in regard to
IOP fluctuation changes needs further evaluation.

The amplitude of the cosine fit curve is the parameter which is considered the circadian
IOP fluctuation, and the reduction in amplitude is considered as an important factor for
glaucoma control. However, some controversial results have been reported. Hoban et al.
reported a positive trend between higher amplitude and visual field progression without
statistical significance (p = 0.053) [26]. Tojo et al. reported that the amplitude of the
cosine fit curve did not show a positive correlation with a rapid progression visual field,
but a positive correlation did exist with the nocturnal maximum value, nocturnal IOP
fluctuation (the difference of nocturnal maximum and minimum value) and SD value.
Moreover, the SD value of IOP was the CLS parameter which was most associated with
the rapid progression of visual field changes (24 h IOP SD, p = 0.0404; diurnal IOP SD,
p = 0.0330; nocturnal IOP SD, p = 0.0027) [27]. SD represents the amount of dispersion in a
dataset. Therefore, the CLS SD indicates the IOP fluctuation and is different from circadian
fluctuation. The lower the value of SD, the more stable the IOP is. The findings of this
previous study could imply that a constant and stable IOP at any time in a day is important
for glaucoma treatment. The SD of the 24 h IOP measured by the CLS in patients with
NTG was greater than that of healthy individuals (patients with NTG, 112.51 ± 26.90 mVeq
vs. healthy individuals, 85.18 ± 29.61 mVeq; p = 0.002). Moreover, the sleep-time IOP
SD was significantly lower than the awake-time IOP SD in patients with NTG [28]. The
baseline SD values of the present study were quite similar with those of a previous report.
Moreover, a lower IOP with larger IOP SD during awake time and higher IOP with lower
IOP SD during sleep time were observed both in the present and previous studies [27,28].
According to the Goldmann equation, episcleral venous pressure (EVP) variation may affect
the IOP variation. Heavier daily physical movements and a wider range of blood pressure
variation during awake time could explain the large awake-time IOP SD. However, other
factors, especially those that could affect sleep-time EVP, remain unclear. The quality of
sleep and sleeping behavior may be possible factors; therefore, further studies on how
the sleep physiology and autonomic nerve system affect EVP may possibly clarify these
aspects. In the present study, the SD values of all the IOP categories were reduced within
a day following ripasudil administration; however, no statistically significant difference
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was noted. To the best of our knowledge, no report focusing on the change in the IOP SD
value following any glaucoma treatment exists. For lowering the IOP SD, lowering the IOP
might be important; moreover, we believe that different methods other than lowering IOP
with updated glaucoma treatments exist for lowering the IOP SD value.

The 24 h average IOP mVeq (p = 0.0265) and awake-time average IOP mVeq (p = 0.0093)
were significantly lower after ripasudil eye drop administration than those before the
ripasudil eye drop administration. Although it was not significant, a trend of reduction in
sleep-time average IOP mVeq could be noted (p = 0.0551). As mentioned above, mVeq is
the measurement of biodimensional change between the corneoscleral surface. Whether
mVeq could be presented as a real IOP measurement remains controversial. There are
some possible reasons that result in the change of corneoscleral surface after ripasudil eye
drop administration, such as IOP reduction (IOP lowering effect of ripasudil), conjunctiva
hyperemia and increasing vessel density in the sclera (ocular surface events resulted from
ripasudil eye drop administration), etc. However, we could not definitively determine the
reason. Further evaluation, such as 24 h IOP mmHg measured by tonometry and anterior
segment OCT examination, may help in solving this question.

The reproducibility of CLS remains an important issue. The previous study reported
that the overall mean correlation r = 0.59 was noted between the two measurements
in the same patients [29]. We repeated the CLS measurements after ripasudil eye drop
administration in two patients. A sample of CLS measurement reproducibility is presented
in Figure 3. High positive correlations were noted (mean Pearson’s correlation r = 0.854).
The difference in the value of the two measurements was calculated and presented in Table 3.
The difference value percentage of the awake-time maximum, awake-time fluctuation, sleep-
time maximum value, and sleep-time fluctuation between the two measurements were quite
similar to the previous report (29.5%, 40.4%, 12.9% and 22.9%, respectively) [27]; therefore,
we believed that the validity of the present study was similar to the previous report.
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Figure 3. Example of the reproducibility of 24 h intraocular pressure after ripasudil eye drop
administration using a CLS. r = 0.841. Blue tracing: first time measurement. Yellow tracing: second
time measurement for reproducibility exam.

Table 3. The percent difference between the two CLS measurements after ripasudil eye drops
administration in 2 cases.

CLS Parameter Case Number 1 Case Number 3 Average

Awake-time maximum, mVeq 71.5/383.95 (18.6%) 134.3/335.55 (39.9%) 29.25%
Awake-time fluctuation, mVeq 194.8/445.6 (43.7%) 153.9/399.45 (38.5%) 41.1%
Sleep-time maximum, mVeq 24.6/352.5 (7%) 56.1/311.35 (18.0%) 12.5%
Sleep-time fluctuation, mVeq 37.1/125.35 (29.6%) 21/99.1 (21.2%) 25.4%

(The different values between the two measurements/the mean value of the two measurements) × 100%. Average
percentage = (Case 1 percent difference + Case 3 percent difference)/2.
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The correlation between CLS IOP and tonometry IOP remains controversial [11–13].
In order to measure the IOP (mmHg) in the supine position in the sleep time, we used an i
care ic200 to measure the 24 h IOP fluctuation every 2 h in two patients. A sample of CLS
IOP (mVeq) and ic200 IOP (mmHg) measurements in a participant after ripasudil eye drops
administration is presented in Figure 4. The mean Pearson’s correlation between CLS IOP
and ic200 IOP was r = 0.464. However, we could not compare the correlation value with the
results of the previous studies directly, due to the different tonometry methods used. The
ratio of the circadian fluctuation of IOP measured by the ic200 and IOP measured by the
CLS were calculated and presented in Table 4. The ratio between the two cases were similar.
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Figure 4. Example of the comparison of IOP (mmHg) using ic200 and IOP (mVeq) using CLS after
ripasudil eye drop administration in a participant. r = 0.558. Blue smooth tracing: IOP (mmHg) using
ic200. Red smooth tracing: IOP (mVeq) using CLS.

Table 4. The comparison between the CLS measurements and i care ic200 measurements after
ripasudil eye drop administration in 2 cases.

Case Number 1 Case Number 4

Pearson’s correlation between CLS IOP and
ic200 IOP 0.370 0.558

Circadian IOP fluctuation of ic200, mmHg 5.9 4.1
Amplitude of cosine fit curve of CLS, mVeq 184.13 109.52
Circadian IOP fluctuation of
ic200/amplitude of CLS 0.032 0.037

In clinical performance, ripasudil eye drops are often used as a second-line treatment.
Therefore, this study was intentionally conducted without discontinuing the currently used
eye drops to replicate real-world clinical performance. Tanihara et al. reported increased
IOP reduction with a high IOP at baseline [30]. Inazaki et al. reported an IOP reduction
of −2.6 mmHg from baseline (baseline IOP: 17.9 ± 4.5 mmHg) after 12 months following
treatment in patients with glaucoma receiving the maximum number of medications after
adjunctive ripasudil eye drops administration [31]. In the present study, the baseline
IOP was lower than those of the previous studies; therefore, a dampened IOP reduction
could be expected. Moreover, the reduction in IOP measured by GAT did not reach
statistical significance, nor did the IOP fluctuation measured by CLS. Further study is
necessary to evaluate whether the attenuated IOP reduction may relate to attenuated IOP
fluctuation reduction.

The present study had some limitations. First, owing to the high percentage of
transient blurred vision and irritable sensations experienced while wearing the CLS and
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the high occurrence of conjunctival hyperemia following ripasudil eye drop administration,
recruiting patients, especially older adult patients who had no experience of wearing
contact lenses, was challenging. Moreover, since our study required the participants to
receive CLS measurements twice, recruitment was even more challenging. Therefore,
the number of participants was small. Second, a previous study reported that many
physiological events, such as body position, blood pressure fluctuations, etc., could affect
the relationship between IOP and ocular dimensional measurements [32]. We did not
instruct the participants to sleep in a specific position or record the body position during
sleeping; however, we had instructed the participants to sleep as they usually sleep in
ordinary life to acquire the real IOP in their daily life. Third, the potentially unknown
artifacts of CLSs, such as the upward drift phenomenon and contact lens fitting condition,
were not considered. The upward drift phenomenon, which occurs after wearing the CLS
overnight, results from a change in the corneal curvature [33,34]. How this phenomenon
affects the accuracy of CLS measurements remains unclear. However, we conducted the
study twice, and compared the data of the patients before and after ripasudil eye drop
administration. Therefore, the factors that could possibly affect the validity of CLS, such
as the contact lens–cornea fitting conditions, cornea edema, etc., should be consistent in
these two measurements and be balanced out. Lastly, contact lenses may act as barriers
that affect the absorption of eye drops and weaken the IOP-lowering effect. Therefore, the
true effect of eye drops could be larger than that measured using the CLS in this study.

5. Conclusions

The reduction in circadian IOP fluctuation, nocturnal IOP fluctuation and SD value of
IOP did not reach statistical significance as measured using a CLS after a 2-week adjunctive
administration of ripasudil eye drops in patients with glaucoma. The baseline IOP was
lower in the present study. The reduction in IOP measured by GAT also did not reach
statistical significance. Further study is necessary to evaluate whether the low baseline IOP
with less IOP reduction is the reason for the attenuated IOP fluctuation reduction.
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Abstract: Background: Age-related macular degeneration (AMD) is a progressive, degenerative
disease of the central retina. AMD is subdivided into “dry” (atrophic), “wet” (exudative), and
neovascular (nAMD) forms. In recent years, the concepts about nAMD changed with the develop-
ment of optical coherence tomography–angiography (OCT-A) and intravitreal anti-VEGF treatment.
The aim of this study was to define the morphologic type of the neovascular membrane (NVM)
before treatment with OCT-A and to register vascular remodeling after treatment with anti-VEGF.
We also analyzed the relationship between NVM and visual acuity. Methods: The study was retro-
spective and included 119 patients with newly diagnosed, treatment-naïve nAMD. All the patients
underwent full ophthalmic examination and also fluoresceine angiography and optical coherence
tomography–angiography (OCT-A). Results: Based on the collected data, we found repetitive reg-
ularities. Conclusion: The analysis of our results could be used as prognostic markers for the
evolution of the disease and as a basis for new treatment strategies, depending on the naïve NVM
morphologic type.

Keywords: OCT-A; neovascularization; AMD; anti-VEGF; vascular remodeling; personalized;
approach

1. Introduction

AMD is a progressive, degenerative disease, involving the central retina. It was first
described by Hutchinson in 1874 as a “symmetric chorioretinal disease in old people”.
Many years later, the term “age-related maculopathy” was introduced. Nowadays, the end
stage of the disease is called AMD. The disease comprises 8.7% of the reasons for blindness
worldwide [1–4] and it occupies third place, after cataracts and glaucoma [5]. According to
the World Health Organization (WHO), in 2040, patients with AMD will exceed 288 million.
AMD is subdivided into “dry” (atrophic), “wet” (exudative), and neovascular. All the
forms result in irreversible vision loss and heavy impairment of the quality of life of the
patients [5]. Before the introduction of anti-VEGF for ophthalmic purposes in 2006, nAMD
was considered the worst because of the development of new vessels, which leads to
exudation and bleeding in and under the neurosensory retina, resulting in fast vision
loss. For the diagnosis of nAMD, we need ophthalmoscopy, but also highly specialized
tests such as fluorescein angiography (FA), indocyanine green angiography (ICG), optical
coherence tomography (OCT), and OCT-angiography (OCT-A). OCT and OCT-A were
developed as devices for early diagnosis and registration of the stage and the size of the
lesions in patients with AMD [6–8]. The use of OCT-A in everyday clinical practice leads
us to the necessity of introducing new diagnostic parameters and classifications because of
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its unique features and specific relationships between imaging and histology, much more
complex than those of the other imaging techniques available in the ophthalmology [9].

2. Aim and Scope

The aim of this study was to evaluate the abilities of OCT-A in the diagnosis and in the
follow-up of the results after treatment with intravitreal anti-VEGF in patients with nAMD.

Aim 1: Defining the type of NVM before treatment (naïve), according to OCT-A images.
Aim 2: Assessment of the changes in the type of NVM after treatment with intravitreal

anti-VEGF (vascular remodeling).
Aim 3: Assessment of the relationship between visual acuity (VA) before treatment

and VA after treatment.
Aim 4: Assessment of the relationship between the type of NVM (before and after

treatment) and VA (before and after treatment).

3. Materials and Methods

All materials were collected in the following clinics:

- Eye clinic “Zrenie”—Sofia, Bulgaria
- Eye clinic in University Hospital for Active Treatment “Georgi Stranski”—Pleven

Our study includes all the patients with newly diagnosed, treatment-naïve nAMD.
The study was retrospective and included 119 patients (Table 1).

Table 1. Demographic characteristics of the followed cohort.

Age Males Females Total

Mean age 75.75 75.80 75.78
SD 9.65 9.46 9.61

Median 77 77 77
Range 53 66 119

All the data were collected in the period November 2018–December 2021. The algorithm
for diagnosis and evaluation of patients was clearly defined and equal for all patients with
newly diagnosed, treatment-naïve nAMD. They underwent full ophthalmic examination:

- Full anamnesis—family history, risk factors, allergies, systemic diseases
- Visual acuity for distance and near through chart with Snellen optotipes. If the patient
could not see optotipes, we examined their ability to count fingers and register the moving
of a hand. In patients with very low visual function, we assessed their ability to detect light—
perception and proection and if they can define the color of the light (“red” or “green”).
- Tonometry (“air-puff” tonometer)
- Biomicroscopy—assessment of orbit, eyelids, lid margin, conjunctiva, cornea, iris, pupil-
lary reactions, anterior chamber, lens (also LOCS grading), or IOL
- Indirect ophthalmoscopy—assessment of vitreous body, optic nerve, retina (ophthalmo-
scopic signs of exudative activity or drusen)

All the patients underwent FA (“gold standard”), structural OCT and OCT-A. Main
scientific interest of this study is to assess vascular remodeling after anti-VEGF treatment
through OCT-A. We used OCT-A machine Nidek RS-3000 Advance 2 (software version
NAVIS-EX 1.8.0).

After performing all the tests described above and confirming the diagnosis, we
proceed to a detailed evaluation of OCT-A images in their three different depths. In our
research we included only eligible OCT-A scans with good quality of the image. All the
scans were assessed by one experienced examinator. The type of neovascular membrane
was determined by this examinator, according to the classification described above and
presented by Coscas et al. [10]. The cohort of 119 patients was divided into several groups,
based on the morphological appearance of the neovascular membrane from the OCT-
A image.
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Patients with:

1. NV-membrane type “Sea fan”—with eccentric feeding vessel, massive trunks with
thin capillary ramifications (Figure 1A)

2. NV-membrane type “Medusa”—has a massive feeding vessel with centrifugal vascu-
lar trunks with thin capillaries (Figure 1B)

3. NV-membrane type “Dead tree”—has a massive main trunk and ramifications varying
in size and caliber (Figure 1C)

4. NV-membrane type “Lace”—highly anastomotic vascular network, without main
vessel (Figure 1D)

5. NV-membrane type “Filaments”—composed of many intertwining, filamentous ves-
sels (Figure 1E)

6. nondetermined type of NV-membrane—when the OCT-A appearance does not corre-
spond to any of the above types
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Of the approved anti-VEGF drugs in Bulgaria, Eylea (Bayer) is the most affordable, as
it is reimbursed by the National Health Insurance. Our aim was not to compare the thera-
peutic effect of the different anti-VEGF drugs, available on the market, but to demonstrate
the potential of the OCT-A in diagnosis and personalization of the therapeutic protocol,
resulting in better structural and visual outcome. Therefore, only patients treated with the
same drug were included in the study.

The anti-VEGF administration procedure is performed in an operating room under
sterile conditions. Seven days before the intravitreal injection, the patient puts antibiotic
drops for prophylaxis. After the placement of blepharostat, we perform anesthesia with
Alcaine drops and double exposure to Betadine solution for 2 min, intrapalpebral. Using a
caliper and depending on the patient’s phakic status, Eylea (Bayer) is injected intravitreally
into the lower nasal quadrant of the eyeball. The patient is bandaged until the next day.
Control examinations, including assessment of visual acuity, tonometry, biomicroscopy,
ophthalmoscopy, OCT, and OCT angiography, were performed on day 25 after the injection.
Regarding admission to the current study of the therapeutic protocol, the next injection
should be given after 1 month from the start, with the patient facing three “loading” doses
one month apart. After each intravitreal injection, special attention must be paid to visual
acuity as a functional measure of the effect of the treatment. In OCT-A images, a change
in the morphological shape of the membrane is determined. Signs of progression are
monitored—persistence, increase, or regression.

4. Statistical Analysis

In order to make the follow-up easier and more representative, the collected data were
summarized and entered in a tabular form in Microsoft Excel. Each individual patient
was introduced on a new line, and the indicators of morphological appearance of the
naïve NV-membrane (NVM), morphological appearance of the NVM after three intravitreal
applications of anti-VEGF, assessment of signs of progression and visual acuity before and
after therapy were introduced in columns. Statistical analysis was performed using the
software package SPSS, 13.0 (SPSS Inc., Chicago, IL, USA). All values with p < 0.05 were
considered statistically significant.

5. Results

According to Aim 1, the individual types of NV membranes were defined before
starting therapy according to their OCT-A characteristics. The largest number was of the
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“sea fan” type (40 patients), followed by “lace” (25 patients), “filaments” (23 patients), and
“Medusa” (19 patients). The obtained results are represented graphically in Figure 2.
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Figure 2. Percentage of naïve morphological type of NVM.

Although age is the major risk factor for the development and progression of the
disease, no statistical relationship has been established between the age of the patients and
the naïve form of the neovascular membrane. No relationship was found between the sex
of the patients and the shape of the “naïve” neovascular membrane.

Aim 2: to determine whether there is a relationship between the initial appearance
(naïve neovascular membrane) and its change after three applications of anti-VEGF in-
travitreal in a month. Statistical analysis proved a relationship between the morphologic
form before therapy and that after for the whole cohort of 119 patients: Spearman’s rho:
ρ = 0.61137, p = 0, n = 119. This relationship is graphical represented in Figure 3.
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Figure 3. Relationship map: between the naïve type of NV membrane and the type after therapy:
The thickness of the line is directly proportional to the strength of the connection. Legend: NV naïve—
“naive” form of a neovascular membrane, before therapy; NV post—a form of the neovascular
membrane after three intravitreal anti-VEGF applications with an interval one month. 1—Sea fan;
2—Medusa; 3—Dead tree; 4—Lace; 5—filaments; 6—undetermined.

For a more detailed and in-depth analysis, naive neovascular membranes were further
subdivided according to the “maturity” of the vessels. This way, we seek for connection
between the histological structure of the membrane (the components that make up its

109



J. Pers. Med. 2022, 12, 1456

vessel wall) and the subsequent remodeling after therapy. The subdivision was performed
taking into account the OCT-A image and caliber of the vessels forming the membrane and
according to the theory of retinal angiogenesis of De Almodovar et al. [11].

Thus, two groups were formed: “differentiated” and “undifferentiated” membranes.
The “differentiated” include “sea fan”, “Medusa”, “dead tree”. To the group of “undiffer-
entiated” we refer—“lace”, “filaments”, “undetermined”. For the group of differentiated
(n = 62), the Spearman’s rho test was applied again, which confirmed the statistical correla-
tion between the three morphological species: Spearman’s rho: ρ = 0.32385, p = 0.01024,
n = 62. A chi-square test was also applied—39.6406, p = < 0.00001, which confirmed once
again the statistical relationship (the results are visible in Table 2).

Table 2. Results of the chi-square test.

Results
NV Naïve NV after Treatment All Rows

Sea fan 40 (24.00) [10.67] 8 (24.00) [10.67] 48
Medusa 18 (23.00) [1.09] 28 (23.00) [1.09] 46

Dead tree 4 (15.00) [8.07] 26 (15.00) [8.07] 30
All columns 62 62 124 (Total)

The study found that neovascular membranes of the “sea fan” type most often after
therapy became “Medusa” (47%) or “dead tree” (33%). Only 20% did not change after
therapy. “Medusa” type after therapy in 55.6% passed into a “dead tree”, and in 44.4%
did not change. In 75% of cases, the “dead tree” retained its morphological appearance
after therapy. It is a final, maximally differentiated form (histologically) of a neovascular
membrane, that does not change over time. The results are represented on Figure 4.
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For the group of “undifferentiated”, immature neovascular membranes, which include
“lace”, “filaments” and “nondetermined”, Spearman’s rho and chi-square test were applied
again. However, they did not find a correlation between the different forms before and
after therapy. Although in 64% of cases the naive neovascular membrane type “lace” does
not change after therapy, the statistical data for the three types do not allow defining a rela-
tionship between naïve forms and the morphologic type of the membrane posttreatment.

According to requirement of Aim 3, we had to check if there is a link between visual
acuity before and visual acuity after therapy. For the entire cohort of 119 patients and
then for the two additionally subdivided groups (of “differentiated” and “undifferentiated”
neovascular membranes), the statistical analysis showed an extremely strong relationship:

“The higher the initial visual acuity, the higher it is after therapy”.
In searching for the results of the Aim 4, an attempt was made to establish a connection

between the individual morphological variants of naïve neovascular membranes and visual
acuity. However, this has not been proven statistically. i.e., the data from the study did
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not prove a relationship (either positive or negative) of any naïve morphological type of
membrane with visual acuity before and after therapy.

After the first three “loading” doses of anti-VEGF and the registered on OCT-A vascu-
lar remodeling, a statistical relationship was established between the morphological variant
after therapy and visual acuity for each group

For the group of “differentiated” neovascular membranes (“sea fan”, “Medusa”, “dead
tree”) the dependence is negative:

Spearman’s rho: ρ = −0.29387, p = 0.02043, n = 62.
This means that the less differentiated the membrane (for example, “sea fan”), the

lower the visual acuity.
For the group of undifferentiated membranes, again we have a statistically significant

result, but it has a positive sign:
Spearman’s rho: ρ = 0.30498, p = 0.02228, n = 56, i.e., the more differentiated the

membrane (e.g., “filaments”), the higher the visual acuity.

6. Discussion

OCT-A was first demonstrated in 1997 by Chinn et al. [12] but they did not find appli-
cations in clinical practice—the quality of images was low due to a lack of technological
capabilities. In the next decade, the technology developed and in 2006 Makita et al. pre-
sented the first OCT-A. It is based on a new method for analysis of high-resolution imaging
techniques without the need to introduce contrast. OCT-A is based on the concept that in
static eye tissues, the only moving structures are the formed elements of the blood as they
pass through the vessels [13]. In clinical practice, OCT-A allows us to represent classical and
occult neovascular membranes and gives detailed information about the choriocapillaris.
OCT-A presents the retinal blood flow divided into two plexuses [14]: superficial and deep
(formed by the complex internal/external plexus by morphological data). OCT-A allows
us to study and to evaluate separately the two vascular plexuses and their demonstration
in vivo. In fluorescein angiography (FA), the two plexuses overlap and cannot be evaluated
separately, as the resulting images are cumulative. The possibility of visualization of the
two plexuses separately is one of the main advantages of OCT-A. OCT-A demonstrates
precisely the intravascular blood flow without contrast. When analyzing the image from
the OCT-A, attention should be paid to the localization and to the depth of the scan with
characteristics such as reflectivity, flow, morphology, and architectonic. We evaluate the
four depths of scanning [15]: superficial plexus, deep plexus, RPE/Bruch membrane com-
plex, and choroidal. The correct interpretation of the OCT-angiography image requires
consideration of “en face” and transversal scans at each of the specified levels so that
the clinical correlation can be maximally correct. For each of the four depths of scanning
should be determined: flow and decorrelation, vascular morphology and architectonics,
texture—all up to one new indicator characterizing OCT-A and differing it from FA [16].
There is a well-known classification of neovascular membrane types (NVMs) according to
the findings in the FA images. Type I NV (occult) is the most common: it starts from the
choroid and reaches the Bruch membrane and retinal pigment epithelium (RPE). Type II
NV is located subretinally. Type III—intraretinal (retinal angiomatous proliferations—RAP).
Although the FA has been the gold standard in the diagnosis of neovascular AMD for more
than 50 years, the classifications used for it are not applicable to OCT-A. Palejwala et al. was
the first to report the application of OCT-A for early detection of type I NV. El Ameen et al.
described type II NV using OCT-A. Other studies reported the administration of OCT-A in
the detection of type III NV (RAP). The introduction of the wide use of OCT-A into daily
clinical practice led to the necessity of new diagnostic parameters and new classifications.
Coscas et al. in 2015 examined with OCT-A 80 eyes with exudative AMD and determined
different morphological variants of NV. According to Coscas et al. and other researchers [15]
of recent years, based on the images from OCT-A, NV membranes morphologically are
defined as “seaf an”, “Medusa”, “dead tree”, “lace”, and “filaments” [17,18].
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The results of ours study proved a link between the “naïve” morphological forms
of neovascular membranes and defined a dependency on switching one naïve form to
another after therapy—the so-called vascular remodeling. For more accurate and thorough
interpretation and taking into account De Almodovar et al.’s theory of vascular genesis, the
“naïve” neovascular membranes were further subdivided into groups depending on the
caliber of the vessels building them (the histological structure, respectively). The larger the
caliber of the vessels building the NV membrane, the “more mature” in histological terms
they are. The study found that “naïve” NV membranes from the group “differentiated”
(“sea fan”, “Medusa”, “dead tree”) tend to pass into each other after therapy – graphically
represented on Figure 5.
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Figure 5. Relationship map—between the naïve type of NV membrane and the type after therapy—
group “differentiated”. The thickness of the line is directly proportional to the strength of the
connection. Legend: NV naïve—“naïve” form of a neovascular membrane, before therapy; NV
post—A form of the nonvascular membrane after three. intravitreal anti-VEGF applications with a
month interval between them. 1—Sea fan; 2—Medusa; 3—Dead tree.

Another important regularity is the relationship of histological differentiation with
visual acuity after therapy. It was found that the more differentiated a membrane (for
example, “dead tree”), the higher is the visual acuity after treatment. For less differentiated
membranes, no relationship for vessel remodeling has been proven. The relationship of the
remodeled type of neovascular membrane (group “non-differentiated”: “lace”, “filaments”,
“nondetermined”) was established after therapy with visual acuity. The more highly differ-
entiated, and respectively histologically “mature” the type of the membrane, the higher
the visual acuity. Given the tendency in highly differentiated naïve forms of neovascular
membranes to pass into each other and their relationship to visual acuity after therapy, it
can be concluded that when establishing a naïve form “sea fan”, “Medusa”, “dead tree”, it
is possible to predict the evolution of the disease and visual acuity after therapy.

7. Conclusions

Age-related macular degeneration increases its social importance because of the aging
pyramid of the population. In its late stages, the disease is highly debilitating, disrupting
the quality of life of patients and their ability to take full care of themselves. The neovascular
form of AMD affects many layers of the outer and inner retina, the RPE, and the choroid.
Multimodal imaging techniques (FA, Indocyanine angiography, OCT, OCT-angiography)
are used in the diagnosis and follow-up of patients. Due to the possibilities for segment
separation and analysis of microcirculation at different levels, OCT-A has become an
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integral part of the diagnosis and follow-up of patients with AMD. OCT-A improves
the identification capabilities and complements structural OCT, FA, and indocyanine
angiography. It is non-invasive, fast, and brings the ophthalmologist detailed information.
The detected patterns for vascular wall remodeling could serve as prognostic markers
for the evolution of the disease and to become a basis for developing new therapeutic
regimens and individualizing the approach to the “naïve” type of NV membrane at the
time of diagnosis of neovascular AMD.
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Abstract: Graves’ orbitopathy (GO) leads to increased orbital tissue and causes symptoms such as
exophthalmos, functional complaints, or dysthyroid optic neuropathy. Different GO types with fat
and/or muscle enlargement were identified, and increased muscle appears to particularly influence
visual status and treatment response. The current study examines visual parameters dependent
on orbital muscle volume fraction in a surgically treated GO cohort. After volumetric analysis of
the preoperative orbital content, 83 orbits in 47 patients were categorized into predefined groups
(increased or not-increased muscle fraction). All cases underwent pterional orbital decompression,
and pre- and postoperative visual status was retrospectively analyzed. Forty-one orbits revealed
increased and 42 orbits revealed not-increased muscle volume (mean fraction 29.63% versus (vs.)
15.60%). The preoperative visual acuity (VA) was significantly lower in orbits with increased vs.
not-increased muscle volume (mean VA 0.30 vs. 0.53, difference 2.5 lines). After surgery, mean VA
improved significantly by 1.7 lines in orbits with increased muscle volume. Not preoperative, but
postoperative exophthalmos was significantly lower in orbits with not-increased muscle volume.
Increased orbital muscle is associated with significantly reduced VA, but can be remarkably improved
by pterional orbital decompression. Therefore, surgical therapy should be considered particularly in
decreased VA with orbital muscle enlargement.

Keywords: orbital muscle volume; increased orbital muscle; orbital muscle enlargement; orbit
volumetry; Graves’ orbitopathy; Graves’ disease; dysthyroid optic neuropathy; orbital decompression

1. Introduction

In Graves’ orbitopathy (GO), a volume increase of orbital fat and/or muscle tissue due
to an autoimmune inflammatory process leads to problems such as exophthalmos, double
vision, and several functional complaints such as edema or ocular dryness [1]. The most
severe complication is dysthyroid optic neuropathy (DON), where optic nerve compression
causes optic nerve head swelling with the risk of consequent visual loss [2]. The therapeutic
approach depends on the activity and severity of the disease [3]. Particularly in severe
cases with DON, surgical decompression may be required [3,4]. Since prognosis in DON
improves with early diagnosis and therapy induction, different clinical and imaging param-
eters have been studied to predict the risk of DON [5,6]. Imaging parameters focus on the
analyses of the orbital content (e.g., the ratio of fat or muscle enlargement, the water fraction
of the orbital tissue, or the content of the orbital apex (“apical crowding”)) [6–10]. Different
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types of GO were identified depending on the increase in orbital muscle volume and/or
fat volume [1,11]. Increased orbital apex crowding has been found to be associated with
DON, but overall increased orbital muscle volume does not seem to necessarily be related
to DON [5,6,12,13]. However, orbital muscle volume appears to be of central importance,
and respective studies have focused on predictors of DON [12,14].

To the best of our knowledge, there has been no investigation of the possible influence
of increased orbital muscle volume on ophthalmological functional parameters or their
development after orbital decompression. The present study is the first to determine the
preoperative orbital muscle volume in a GO cohort, which were all treated subsequently
in a standardized fashion (pterional orbital decompression), and to evaluate differences
in preoperative ophthalmological status and postoperative ophthalmological outcome
dependent on an “increased” or “not-increased” orbital muscle volume (following Regens-
burg et al. [11]).

2. Patients and Methods
2.1. Study Design and Patient Population

The inclusion criterion was pterional orbital decompression between January 2001
and May 2021 due to GO with the availability of preoperative cranial imaging suitable for
volumetry (computed tomography (CT) (soft tissue window, slice thickness ≤ 2.0 mm) or
magnetic resonance imaging (MRI) (three dimensional (3D) T1-weighted imaging (with
or without contrast enhancement), or axial and coronal T1- or T2-weighted imaging, slice
thickness ≤ 3.0 mm (if available, with fat saturation))). The indication for surgery was
either the presence of DON as a sight-threatening condition (following EUGOGO classifica-
tion [3]) with no or only insufficient response to high-dose steroid therapy, or surgery was
performed due to severe functional complaints or cosmetic reasons in cases with moderate-
to-severe disease severity (following EUGOGO classification). In detail, in cases with
moderate-to-severe disease severity and active (following clinical activity score (CAS) [3])
disease, surgery was performed in individual exceptional cases with severe functional
complaints persisting despite high-dose steroids (such as severe lid retraction > 2 mm or
exophthalmos > 3 mm with corneal exposure and signs of developing corneal breakdown
(cases with insufficient responsiveness to lubricants), or severe retrobulbar pain). In cases
with moderate-to-severe disease severity and inactive (following CAS) disease, surgery
was performed for cosmetic and functional reasons (e.g., to correct exophthalmos and lid
retraction, to decrease intraocular tension, to improve preexisting strabismus, etc.) for reha-
bilitation purposes. All cases were discussed at the surgical board of our interdisciplinary
center for orbital diseases.

According to the literature, DON was then considered to be present in our cohort
if at least one of the following criteria was fulfilled in GO patients (for which no other
underlying cause was apparent either): impaired color vision, reduced visual acuity, optic
disc swelling/atrophy, visual field defects or relative afferent pupillary defect [1,15].

Pterional orbital decompression was performed in a standardized fashion as previ-
ously described [16]. Prior to the volumetric analysis with a focus on the influence of
orbital muscle volume, which is currently being conducted for the first time, data on the
postoperative outcome of some of the cohort had already been published [16].

The primary endpoint of the current study was whether there were differences in the
preoperative status and the postoperative development of visual acuity and exophthalmos
depending on the orbital muscle volume (“not-increased” or “increased” according to the
described subtypes [11]). The secondary endpoints were to determine the distribution of
the muscular subtypes within the whole group and within the subgroups of cases with and
without DON, as well as to assess other factors having potential influence, such as clinical
activity or disease severity.

The retrospective evaluation was based on medical records and radiological imaging.
Every surgery was performed in the Department of Neurosurgery as a tertiary referral
center. Informed consent for the surgical procedure was obtained from all patients or their
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legal representative. The retrospective analysis was approved by the independent ethics
committee of our medical center (reference no. 351/19) and has been reported according to
institutional guidelines.

2.2. Volumetric Analysis

Volumetric analysis of intraorbital (extraocular) muscle volume and total orbital
volume was performed in a semi-automatic technique with manual adjustment by two
independent investigators using the SmartBrush device on the Brainlab Origin Server 3.2
(Brainlab AG, Munich, Germany), and the corresponding mean values were used for
further analysis. Group classification was based on the calculated fraction of muscle
volume relative to total orbital volume. The not-increased orbital muscle volume group
(not-increased group) had a muscle fraction ≤ 0.19, and the increased orbital muscle
volume group (increased group) had a muscle fraction ≥ 0.21 (following Regensburg et al.,
2011 [11]). The volumetry technique using the Brainlab system is illustrated in Figure 1.
MRI scans with examples of a not-increased and an increased orbital muscle volume are
presented in Figure 2.
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orbital content (right orbit) in a patient affected by Graves’ orbitopathy (GO) (not-increased orbital 
muscle volume) prior to decompressive surgery, with orbital extraocular muscles marked in blue 
and eye bulb in orange in an axial (A), sagittal (B) and coronal (C) view. (D): Absolute volumetric 
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Figure 1. Illustration of the semi-automatic volumetry technique. (A–C): Volumetric analysis of the
orbital content (right orbit) in a patient affected by Graves’ orbitopathy (GO) (not-increased orbital
muscle volume) prior to decompressive surgery, with orbital extraocular muscles marked in blue
and eye bulb in orange in an axial (A), sagittal (B) and coronal (C) view. (D): Absolute volumetric
values (in cm3) provided by the system after three-dimensional (3D) analysis of the structures of
interest (for example eye bulb with 6.95 cm3 and muscle with 7.92 cm3). (E): Volumetric analysis of
the whole orbital content (marked in red in an axial view) for subsequent calculation of the orbital
muscle fraction in relation to the total orbital volume. (G,H): 3D view of the volume-analyzed
structures (orbital extraocular muscles marked in blue and eye bulb in orange), shown from different
perspectives: lateral right (F), anterior oblique right (G), and posterior oblique right (H).
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Figure 2. Magnetic resonance imaging (MRI) demonstrating not-increased or increased orbital
muscle volume. (A,B): T1-weighted, contrast-enhanced MRI scans of the orbits of a bilaterally
affected GO-patient with not-increased orbital muscle volume prior to decompressive surgery; axial
images (A1–A3) with the orange line indicating the position of each corresponding coronal (B1–B3)
image retrobulbar (A1,B1), at the orbital apex (A3,B3) and in between (A2,B2). (C,D): T1-weighted,
contrast-enhanced MRI scans of the orbits of a bilaterally affected GO-patient with increased orbital
muscle volume prior to decompressive surgery; axial images (C1–C3) with the orange line indicating
the position of each corresponding coronal (D1–D3) image retrobulbar (C1,D1), at the orbital apex
(C3,D3) and in between (C2,D2).

2.3. Ophthalmological Outcome

Preoperative ophthalmological data were obtained within the four weeks prior to
surgery, and in acute sight-threatening cases, usually within the week prior to surgery.
The measurement of visual acuity documented in the medical records in decimal notation
was converted to the mean angle of resolution (logMAR) for analysis. It is important to
note that better visual acuity correlates with lower logMAR values, and one line read on a
standard vision chart corresponds to a difference of 0.1 logMAR. Exophthalmos assessments
were performed by Hertel exophthalmometry. Within six months after surgery, the best
documented values for visual acuity and exophthalmos were taken as postoperative values
for analysis.

2.4. Statistical Analysis

Methods of descriptive statistics were used. Categorical data are presented as ab-
solute and relative frequencies (in %). For numerical data, mean values with the min-
imum/maximum and the standard deviation (SD), standard error of mean (SEM) and
confidence interval (CI) were calculated (as appropriate). Interrater reliability in volumetric
analysis was validated using a Bland–Altman plot. Statistical differences were evaluated
using a Mann–Whitney test as an unpaired nonparametric test. The level of significance
was set to p < 0.05. Statistical analysis was performed using GraphPad Prism software
version 9.1.1 for Mac (GraphPad Software, San Diego, CA, USA).

3. Results
3.1. Volumetry

The analysis of orbital muscle volume in relation to total orbital volume was performed
in 91 orbits in 54 GO patients. Two groups could be classified in accordance with a “not-
increased” orbital muscle fraction (≤0.19) or an “increased” orbital muscle fraction (≥0.21).
Due to having an orbital muscle volume fraction between 0.19 and 0.21, eight orbits in
seven patients were excluded. A total of 83 orbits in 47 patients were included in the study
with an equal distribution among the groups (not-increased group: 42 orbits; increased
group: 41 orbits). The mean orbital muscle volume fraction in the increased group was
29.63% (range 21.94–36.81%, SD 4.00, SEM 0.62, CI 28.36–30.89), which was significantly
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higher than in the not-increased group with a mean orbital muscle volume fraction of
15.60% (range 8.94–18.90%, SD 2.16, SEM 0.33, CI 14.93–16.28), p < 0.0001 (see Figure 3).
The number of cases that were affected by DON (sight-threatening condition following
EUGOGO classification) did not differ significantly between the two groups (increased
group: 80.49% with DON, not-increased group: 71.43% with DON). The gender ratio was
unequal in the not-increased group, with significantly more women than men affected
(29:13, p = 0.014), whereas there was an equal distribution in the increased group (23:18).
There were no significant differences between the groups regarding age, affected side, or
clinical activity score (CAS). Detailed information is listed in Table 1.
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Figure 3. Volumetric analysis of orbital muscle volume fraction prior to orbital decompression.
y axis: Orbital muscle volume fraction in relation to total orbital volume in %, x axis: group of orbits
with an increased orbital muscle volume fraction (left, fraction ≥ 21%) and group of orbits with a
not-increased orbital muscle volume fraction (right, fraction ≤ 19%), black dots: muscle volume
fraction per orbit, horizontal black line: mean of values, dotted black lines: cut-off values (21% for
increased muscle volume fraction and 19% for not-increased muscle volume fraction).

3.2. Outcome—Visual Acuity

Pre- and postoperative visual acuity measurements in accordance with the inclu-
sion criteria were available for 35 of the 42 orbits in the not-increased group, and for
40 of the 41 orbits in the increased group. The mean preoperative visual acuity in the
increased vs. the not-increased group was significantly reduced by 2.5 lines (logMAR
0.53 vs. 0.28, p = 0.0058). The mean postoperative visual acuity in the increased vs. the
not-increased group was reduced by 2.1 lines, but without statistically significant difference.
Within the increased group, the mean postoperative visual acuity was significantly im-
proved by 1.7 lines compared with preoperative values (logMAR 0.36 vs. 0.53, p = 0.0138).
Within the not-increased group, the mean postoperative visual acuity was improved by
1.3 lines compared with preoperative values, but without statistically significant difference.
For a schematic illustration, please refer to Figures 4 and 5. A potential influence of the
severity of proptosis on preoperative visual acuity was also analyzed in the cohort, but no
relevant effect on visual acuity related to the severity of proptosis could be observed.
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Table 1. Classification and demographic data of the “not-increased orbital muscle volume” and the
“increased orbital muscle volume” group.

Not-Increased
Muscle Volume

Increased
Muscle Volume

number of orbits n = 42 n = 41

mean muscle volume
(in relation to total orbital volume)

15.60%
(SD 2.16, SEM 0.33,

CI 14.93–16.28)

29.63%
(SD 4.00, SEM 0.62,

CI 28.36–30.89)

mean age (years) 55.33 (SD 11.08) 58.90 (SD 10.46)

gender
female 29 (69.05%) 23 (56.10%)

male 13 (30.95%) 18 (43.90%)

side
left 22 (52.38%) 20 (48.78%)

right 20 (47.62%) 21 (51.22%)

indication for surgery
DON 30 (71.43%) 33 (80.49%)

cosmetic/functional 12 (28.57%) 8 (19.51%)

EUGOGO
classification

moderate-to-severe 12 (28.57%) 8 (19.51%)

sight-threatening 30 (71.43%) 33 (80.49%)

CAS
active 35 (83.33%) 38 (92.68%)

inactive 7 (16.67%) 3 (7.32%)

diplopia
preoperatively 28 (66.67%) 29 (70.73%)

postoperatively 26 (61.90%)
(new after surgery: 2)

19 (46.34%)
(new after surgery: 0)

SD, standard deviation; SEM, standard error of mean; CI, confidence interval; DON, dysthyroid optic neuropathy;
EUGOGO, European group on Graves’ orbitopathy; CAS, clinical activity score; postoperatively, within the
six months after surgery.
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Figure 4. Inclusion criteria, group classification, and ophthalmological outcome. GO, Graves’ or-
bitopathy; #, exclusion due to unavailability of postoperative assessment of visual acuity; ##, exclu-
sion due to unavailability of postoperative assessment of exophthalmos; PREOP, preoperative as-

Figure 4. Inclusion criteria, group classification, and ophthalmological outcome. GO, Graves’ or-
bitopathy; #, exclusion due to unavailability of postoperative assessment of visual acuity; ##, exclusion
due to unavailability of postoperative assessment of exophthalmos; PREOP, preoperative assess-
ments; POSTOP, postoperative assessments; logMAR, logarithm of the mean angle of resolution;
*, statistically significant difference in intra-group analysis (comparison between pre-versus (vs.)
postoperative results within the groups); **, statistically significant difference in inter-group analysis
(comparison between preoperative or postoperative results between the two different groups).
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Figure 5. Development of visual acuity after orbital decompression. −logMAR, negative logarithm
of the mean angle of resolution; VA, visual acuity; y axis, VA values per orbit before and after orbital
decompression (given as negative logMAR, which means that the more negative the value, the worse
the visual acuity); x axis, pre-/postoperative VA values of each orbit in the group with increased
orbital muscle volume (left, light gray background) and in the group with not-increased orbital
muscle volume (right, medium gray background); vertical line, preoperative VA value per orbit;
black triangle (sharp angle upwards), postoperatively improved (or stable) VA value per orbit; black
triangle (sharp angle downwards), postoperatively deteriorated VA value per orbit.

A total of 28 orbits in the not-increased group and 32 orbits in the increased group
were affected by DON. Within the DON cohort, the mean preoperative visual acuity in
the increased vs. the not-increased group was significantly reduced by 2.9 lines (mean
logMAR 0.63 vs. 0.34, p = 0.0035). The mean post- vs. preoperative visual acuity was
significantly improved in both the not-increased and the increased group affected by DON
(not-increased group: logMAR 0.18 vs. 0.34 (1.6 lines, p = 0.0447), increased group: logMAR
0.43 vs. 0.63 (2.0 lines, p = 0.0142)). In the DON cohort, the mean postoperative visual
acuity in the increased vs. the not-increased group was reduced by 2.5 lines without a
statistically significant difference. Further information is given in Table 2.

3.3. Outcome—Exophthalmos

Pre- and postoperative exophthalmos measurements in accordance with the inclu-
sion criteria were available for 31 of the 42 orbits in the not-increased group, and for 30
of the 41 orbits in the increased group. The mean postoperative exophthalmos of the
not-increased vs. the increased group was significantly lower (a difference of 1.71 mm,
p = 0.0072), whereas there was no statistically significant difference between the corre-
sponding preoperative values (a difference of 1.24 mm). Both groups showed a significant
reduction in their mean post- vs. preoperative exophthalmos (not-increased group: a
difference of 3.39 mm (p < 0.0001); increased group: a difference of 2.92 mm (p = 0.0082)).
For a schematic illustration, please refer to Figures 4 and 6.

The 24 orbits in each of the not-increased and the increased group affected by DON
also presented a significant reduction in the mean exophthalmos postoperatively com-
pared with the corresponding preoperative values (not-increased group: a difference of
3.55 mm (p < 0.0001); increased group: a difference of 3.13 mm (p = 0.0309)). In these orbits
affected by DON, there were no significant differences between the not-increased and in-
creased group regarding their mean pre- and postoperative exophthalmos values. Further
information is given in Table 3.
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Table 2. Intra- and inter-group statistical analysis of pre- and postoperative visual acuity (analysis
within and between “not-increased” and “increased” orbital muscle volume).

Not-Increased
Muscle Volume

Increased
Muscle Volume

Inter-Group Comparison:
Change in VA

(p-Value)

total group
(DON +
cosm/func)

no. of orbits n = 35 n = 40

mean VA pre
0.28 logMAR
{0.53 decimal}

(SD 0.42, CI 0.14–0.43)

0.53 logMAR
{0.30 decimal}

(SD 0.59, CI 0.34–0.72)

2.5 lines
(p = 0.0058)

mean VA post
0.15 logMAR
{0.72 decimal}

(SD 0.19, CI 0.08–0.21)

0.36 logMAR
{0.44 decimal}

(SD 0.57, CI 0.18–0.54)

2.1 lines
(p = 0.0585)

change in VA
post vs. pre

(p-value)

1.3 lines
(p = 0.0761)

1.7 lines
(p = 0.0138)

DON group

no. of orbits n = 28 n = 32

mean VA pre
0.34 logMAR
{0.46 decimal}

(SD 0.45, CI 0.17–0.52)

0.63 logMAR
{0.24 decimal}

(SD 0.62, CI 0.41–0.85)

2.9 lines
(p = 0.0035)

mean VA post
0.18 logMAR
{0.66 decimal}

(SD 0.20, CI 0.10–0.25)

0.43 logMAR
{0.38 decimal}

(SD 0.62, CI 0.21–0.65)

2.5 lines
(p = 0.0578)

change in VA
post vs. pre

(p-value)

1.6 lines
(p = 0.0447)

2.0 lines
(p = 0.0142)

cosm/func group

no. of orbits n = 7 n = 8

mean VA pre
0.04 logMAR
{0.92 decimal}

(SD 0.10, CI −0.05–0.13)

0.11 logMAR
{0.78 decimal}

(SD 0.08, CI 0.04–0.18)

0.7 lines
(p = 0.1834)

mean VA post
0.04 logMAR
{0.92 decimal}

(SD 0.08, CI −0.03–0.12)

0.08 logMAR
{0.84 decimal}

(SD 0.07, CI 0.02–0.13)

0.4 lines
(p = 0.3930)

change in VA
post vs. pre

(p-value)

0.0 lines
(p > 0.9999)

0.3 lines
(p = 0.5097)

VA, visual acuity; total group (DON + cosm/func), all cases with available pre- and postoperative assessment of
VA in which dysthyroid optic neuropathy (DON) was the indication for surgery or which were operated due to
cosmetic/functional reasons; DON group, all cases of “total group” in which DON was the indication for surgery;
cosm/func group, all cases of “total group” which were operated due to cosmetic/functional reasons; no., number;
vs., versus; change in VA post vs. pre, difference in post- vs. preoperative VA; logMAR, logarithm of the mean
angle of resolution; pre, preoperatively; post, postoperatively (within six months after surgery); SD, standard
deviation; CI, confidence interval; bold italic font, significant difference.
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(in mm) per orbit before and after orbital decompression, x axis = pre-/postoperative exophthalmos
values of each orbit in the group with increased orbital muscle volume (left, light gray background)
and in the group with not-increased orbital muscle volume (right, medium gray background), vertical
line = preoperative exophthalmos value per orbit, black triangle (sharp angle downwards) = post-
operative decrease in exophthalmos (or stable exophthalmos) per orbit, black triangle (sharp angle
upwards) = postoperative increase in exophthalmos per orbit.

Table 3. Intra- and inter-group statistical analysis of pre- and postoperative exophthalmos (analysis
within and between “not-increased” and “increased” orbital muscle volume).

Not-Increased
Muscle Volume

Increased
Muscle Volume

Inter-Group
Comparison: Change

in Exoph (p-Value)

total group
(DON + cosm/func)

no. of orbits n = 31 n = 30

mean exoph pre
(in mm)

23.16
(SD 1.88, CI
22.47–23.85)

24.40
(SD 4.04, CI
22.89–25.91)

1.24 mm (p = 0.1140)

mean exoph post
(in mm)

19.77
(SD 2.46, CI
18.87–20.67)

21.48
(SD 3.59, CI
20.14–22.82)

1.71 mm (p = 0.0072)

change in exoph
post vs. pre

(p-value)

3.39 mm
(p < 0.0001)

2.92 mm
(p = 0.0082)

DON group

no. of orbits n = 24 n = 24

mean exoph pre
(in mm)

23.38
(SD 1.81, CI
22.61–24.14)

24.17
(SD 4.39, CI
22.31–26.02)

0.79 mm (p = 0.4564)

mean exoph post
(in mm)

19.83
(SD 2.64, CI
18.72–20.95)

21.04
(SD 3.86, CI
19.41–22.67)

1.21 mm (p = 0.1166)

change in exoph
post vs. pre

(p-value)
3.55 mm (p < 0.0001) 3.13 mm (p = 0.0309)

cosm/func group

no. of orbits n = 7 n = 6

mean exoph pre
(in mm)

22.43
(SD 2.07, CI
20.51–24.34)

25.33
(SD 2.16, CI
23.07–27.60)

2.90 mm (p = 0.0408)

mean exoph post
(in mm)

19.57
(SD 1.81, CI
17.90–21.25)

23.25
(SD 1.08, CI
22.11–24.39)

3.68 mm (p = 0.0058)

change in exoph
post vs. pre

(p-value)
2.86 mm (p = 0.0262) 2.08 mm (p = 0.0909)

exoph, exophthalmos; total group (DON + cosm/func), all cases with available pre- and postoperative assessment
of exophthalmos in which dysthyroid optic neuropathy (DON) was the indication for surgery or which were oper-
ated due to cosmetic/functional reasons; DON group, all cases of “total group” in which DON was the indication
for surgery; cosm/func group, all cases of “total group” which were operated due to cosmetic/functional reasons;
no., number; pre, preoperatively; post, postoperatively (within the six months after surgery); vs., versus; change
in exoph post vs. pre, difference in post- vs. preoperative exophthalmos; SD, standard deviation; CI, confidence
interval; bold italic font, significant difference.

3.4. Other Outcome Parameters

Diplopia was postoperatively completely resolved in 34.48% of cases in the increased
group and in 14.29% of cases in the not-increased group. This difference did not reach statis-
tical significance. New diplopia occurred postoperatively in two cases in the not-increased
group (7.14%). There was transient headache after five operations (6%), periorbital hy-
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posensitivity after two operations (2.4%) and clinical hemorrhage not affecting VA without
further need for surgical treatment after one operation (1.2%).

4. Discussion

The visualization and analysis of the enlarged (intra-)orbital tissue in GO is of high
importance in the understanding of the disease, particularly in severe cases and for the
potential prediction of DON. Although MRI is also used for imaging diagnostics today,
CT continues to be frequently used as the preferred technique since both the bony orbit
and intraorbital structures are excellently visualized [1,6,17]. Volumetric analysis of (intra-
)orbital structures has been established on the basis of both CT and MR images with
comparable results [8,14,18–20]. In addition to fully manual segmentation (planimetry),
the semi-automatic technique (with the possibility of manual adjustment) has also proven
successful for volumetric analysis [21,22].

In studies of the natural disease course in untreated GO patients, fat enlargement
tends to be classified as a late phenomenon, and muscle enlargement is rather associated
with more severe disease activity [7,10,12]. An increased muscle volume in relation to
total orbital volume was defined as a muscle fraction of 0.21 or more [10,11]. Regensburg
et al., described four subtypes of GO based on CT volumetric analysis of 95 untreated
GO orbits (25% without fat/muscle increase, 5% with only fat increase, 61% with only
muscle increase, 9% with both fat and muscle increase) [11]. Thus, 69.5% of these orbits
showed muscle enlargement with a mean muscle fraction of 0.24–0.25 (relative to total
orbital volume), whereas orbits with “not-increased muscle volume” had a mean muscle
fraction of 0.16–0.17. In our analysis with analogous definitions of “not-increased volume”
and “increased volume” there was a highly significant difference between the group with
“increased” mean muscle volume (fraction 0.29–0.30) and “not-increased” mean muscle
volume (fraction 0.15–0.16). For healthy control groups, data on orbital muscle fraction
range from 0.12 to 0.15 [7,23].

To the best of our knowledge, the current study is the first to examine orbital muscle
enlargement as a potential factor that influences functional outcome in a large cohort of GO
patients who were all treated with the same surgical approach. The choice of the approach
for orbital decompression is discussed controversially in the literature. Despite a number of
systematic reviews and also prospective studies, no general recommendations on the most
suitable surgical procedure have yet been established due to various surgical indications
and the heterogeneity of applied techniques. In addition, surgeons of different specialties
have varying preferences depending on their personal skills and experience [24,25].

In our study, there was a balanced distribution of orbits with increased muscle volume
and those with not-increased muscle volume. Furthermore, the number of cases affected by
DON was not significantly higher in the increased group compared with the not-increased
group. One might have suspected that there would be a majority of cases with increased
muscle volume in a cohort of severe cases requiring surgical treatment, as this seems to
be associated with more severe disease [6,7,10,12,26]. However, our results support the
hypothesis that the absence of an increased muscle volume does not imply a less severe
course or that DON is necessarily associated with an increased muscle volume [12,13].
Nevertheless, muscle diameter and volume at the orbital apex is of particular interest in
the context of DON (“apical crowding”) [27–30]. Several studies have shown a significant
difference in apical crowding between orbits with and without DON [5,6,12]. However, an
analysis of the functional outcome after surgical therapy depending on these morphological
differences is still missing.

In our analysis, the mean preoperative visual acuity was significantly lower in the in-
creased vs. the not-increased group, also in the subgroup of DON-affected orbits. Although
the number of orbits affected by DON itself was not significantly different between the
increased and the not-increased group, an increased muscle volume nevertheless resulted
in significantly worse preoperative visual acuity. Interestingly, however, decompression
led to a significant improvement in visual acuity in the increased group, so after surgery
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there was no longer a significant difference between the mean visual acuity of the increased
vs. the not-increased group. Presumably, the lower extent of postoperative improvement of
visual acuity in the group with a not-increased orbital muscle volume fraction is related
to the fact that preoperative visual acuity was less reduced in this group. In the subgroup
of DON-affected orbits, surgical therapy resulted in a significant improvement in visual
acuity in both the not-increased and the increased group. Again, the improvement in the
increased group was such that the preoperative significant difference in mean visual acuity
between the groups was eliminated postoperatively.

Thus, there was a strong association between increased orbital muscle volume and
lower visual acuity, and remarkably, there was an excellent response to surgical decom-
pression, even in cases with increased orbital muscle volume. As a predictive factor for
DON-affected orbits, increased muscle volume was found to be associated with significantly
lower visual acuity, and in view of the good response to surgical therapy, decompression
should be considered at an early stage, especially in this group.

Along with varying surgical approaches, several individual factors are discussed as
possible reasons for the different outcomes of orbital decompression in GO [31]. Morpho-
logical factors seem to be particularly important here, such as the shape and angle of the
bony orbit and the anatomy of the venous and lymphatic vessels [31–33]. Few studies have
investigated factors influencing the visual outcome after orbital decompression in GO, such
as duration of the disease, preoperative visual acuity, additional orbital fat reduction, and
preoperative degree of exophthalmos [16,34–36]. CT-based volumetric analyses showed a
positive correlation between exophthalmos reduction and decompression volume [37,38].
A recent study designed a phantom model to measure the pressure relief at the orbital
apex depending on the localization and extent of bony decompression comparing different
surgical techniques for orbital decompression. This concept seems very interesting and
should be further pursued and expanded, as it provides an additional factor that has not
yet been considered in the choice of surgical approaches [39].

In our study, the mean preoperative exophthalmos in the increased group (total
group as well as subgroup affected by DON) was not significantly higher than in the
not-increased group, and decompression resulted in a significant exophthalmos decrease in
both groups. This decrease was more pronounced in the not-increased group, which is why
the persistent mean postoperative exophthalmos was significantly higher in orbits with
increased than with not-increased orbital muscle volume. Hence, no clear association could
be established between increased orbital muscle volume and a higher degree of preoperative
exophthalmos, but exophthalmos was significantly more reduced after decompression
when there was not-increased orbital muscle volume compared with increased orbital
muscle volume.

The strengths of our study include the large number of cases, the design having a
clear division into two groups based on the determined muscle volume with subsequent
standardized surgical treatment, and the objective outcome parameters. Limitations arise
in the retrospective design, and the need to exclude cases in the absence of appropriate
preoperative imaging or missing outcome data. Furthermore, in a retrospective analysis of
over 20 years, surgeon-dependent differences may naturally occur despite the standardized
surgical procedure, which could have an influence on the decompression volume. This
needs to be further investigated in subsequent studies.

5. Conclusions

The development of dysthyroid optic neuropathy in Graves’ orbitopathy is not neces-
sarily related to orbital muscle enlargement. Increased orbital muscle volume is associated
with a significant reduction in preoperative visual acuity, but not with increased preopera-
tive exophthalmos. An excellent improvement in visual acuity can be achieved by pterional
orbital decompression, even with increased orbital muscle volume. Therefore, this factor
should be addressed during treatment decisions, and early surgical therapy should be
considered particularly in DON-affected cases with orbital muscle enlargement.

125



J. Pers. Med. 2022, 12, 937

Author Contributions: Conceptualization, C.S. and J.G.; methodology, C.S. and J.G.; software, C.S.
and S.K.; validation, C.S., W.M. and J.G.; formal analysis, C.S. and W.M.; investigation, C.S., W.M.
and S.K.; resources, C.S. and J.G.; data curation, C.S. and S.K.; writing—original draft preparation,
C.S.; writing—review and editing, C.S., J.G., J.B. and W.A.L.; visualization, C.S. and S.K.; supervision,
J.G., J.B. and W.A.L.; project administration, J.G.; funding acquisition, C.S. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Institutional Independent Ethics Committee of the Albert-Ludwigs-
University Freiburg, Germany (reference no. 351/19, 27 August 2019).

Informed Consent Statement: Informed consent for the surgical procedure was obtained from all
patients or their legal representative.

Data Availability Statement: The data used to support the findings of this study are available from
the corresponding author upon request.

Acknowledgments: The article processing charge was funded by the Ministry for Science, Research
and Arts, Baden-Wuerttemberg, and the University of Freiburg in the funding programme Open
Access Publishing.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. McKeag, D.; Lane, C.; Lazarus, J.H.; Baldeschi, L.; Boboridis, K.; Dickinson, A.J.; Hullo, A.I.; Kahaly, G.; Krassas, G.; Marcocci, C.;

et al. Clinical Features of Dysthyroid Optic Neuropathy: A European Group on Graves’ Orbitopathy (EUGOGO) Survey. Br. J.
Ophthalmol. 2007, 91, 455–458. [CrossRef] [PubMed]

2. Bahn, R.S. Graves’ Ophthalmopathy. N. Engl. J. Med. 2010, 362, 726–738. [CrossRef]
3. Bartalena, L.; Kahaly, G.J.; Baldeschi, L.; Dayan, C.M.; Eckstein, A.; Marcocci, C.; Marinò, M.; Vaidya, B.; Wiersinga, W.M.; EU-

GOGO. The 2021 European Group on Graves’ Orbitopathy (EUGOGO) Clinical Practice Guidelines for the Medical Management
of Graves’ Orbitopathy. Eur. J. Endocrinol. 2021, 185, G43–G67. [CrossRef]

4. Bartalena, L.; Baldeschi, L.; Dickinson, A.; Eckstein, A.; Kendall-Taylor, P.; Marcocci, C.; Mourits, M.; Perros, P.; Boboridis, K.;
Boschi, A.; et al. Consensus Statement of the European Group on Graves’ Orbitopathy (EUGOGO) on Management of GO. Eur. J.
Endocrinol. 2008, 158, 273–285. [CrossRef]

5. Chan, L.-L.; Tan, H.-E.; Fook-Chong, S.; Teo, T.-H.; Lim, L.-H.; Seah, L.-L. Graves Ophthalmopathy: The Bony Orbit in Optic
Neuropathy, Its Apical Angular Capacity, and Impact on Prediction of Risk. Am. J. Neuroradiol. 2009, 30, 597–602. [CrossRef]

6. Gonçalves, A.C.P.; Silva, L.N.; Gebrim, E.M.M.S.; Monteiro, M.L.R. Quantification of Orbital Apex Crowding for Screening of
Dysthyroid Optic Neuropathy Using Multidetector CT. Am. J. Neuroradiol. 2012, 33, 1602–1607. [CrossRef]

7. Wiersinga, W.M.; Regensburg, N.I.; Mourits, M.P. Differential Involvement of Orbital Fat and Extraocular Muscles in Graves’
Ophthalmopathy. Eur. Thyroid. J. 2013, 2, 14–21. [CrossRef] [PubMed]

8. Keene, K.R.; van Vught, L.; van de Velde, N.M.; Ciggaar, I.A.; Notting, I.C.; Genders, S.W.; Verschuuren, J.J.G.M.; Tannemaat, M.R.;
Kan, H.E.; Beenakker, J.-W.M. The Feasibility of Quantitative MRI of Extra-Ocular Muscles in Myasthenia Gravis and Graves’
Orbitopathy. NMR Biomed. 2021, 34, e4407. [CrossRef]

9. Nagy, E.V.; Toth, J.; Kaldi, I.; Damjanovich, J.; Mezosi, E.; Lenkey, A.; Toth, L.; Szabo, J.; Karanyi, Z.; Leovey, A. Graves’
Ophthalmopathy: Eye Muscle Involvement in Patients with Diplopia. Eur. J. Endocrinol. 2000, 142, 591–597. [CrossRef]

10. Potgieser, P.W.; Wiersinga, W.M.; Regensburg, N.I.; Mourits, M.P. Some Studies on the Natural History of Graves’ Orbitopathy:
Increase in Orbital Fat Is a Rather Late Phenomenon. Eur. J. Endocrinol. 2015, 173, 149–153. [CrossRef] [PubMed]

11. Regensburg, N.I.; Wiersinga, W.M.; Berendschot, T.T.J.M.; Potgieser, P.; Mourits, M.P. Do Subtypes of Graves’ Orbitopathy Exist?
Ophthalmology 2011, 118, 191–196. [CrossRef]

12. Al-Bakri, M.; Rasmussen, A.K.; Thomsen, C.; Toft, P.B. Orbital Volumetry in Graves’ Orbitopathy: Muscle and Fat Involvement in
Relation to Dysthyroid Optic Neuropathy. ISRN Ophthalmol. 2014, 2014, 435276. [CrossRef] [PubMed]

13. Anderson, R.L.; Tweeten, J.P.; Patrinely, J.R.; Garland, P.E.; Thiese, S.M. Dysthyroid Optic Neuropathy without Extraocular Muscle
Involvement. Ophthalmic Surg. 1989, 20, 568–574. [CrossRef]

14. Zou, M.; Wu, D.; Zhu, H.; Huang, X.; Zhao, X.; Zhao, J.; Fu, W.; Li, R.; Li, B.; Wan, P.; et al. Multiparametric Quantitative MRI for
the Evaluation of Dysthyroid Optic Neuropathy. Eur. Radiol. 2021, 32, 1931–1938. [CrossRef]

15. Dayan, C.M.; Dayan, M.R. Dysthyroid Optic Neuropathy: A Clinical Diagnosis or a Definable Entity? Br. J. Ophthalmol.
2007, 91, 409–410. [CrossRef]

16. Kuechlin, S.; Steiert, C.; Naseri, Y.; Joachimsen, L.; Gruber, M.; Reich, M.; Boehringer, D.; Metzger, M.; Beck, J.; Scheiwe, C.; et al.
Pterional Orbit Decompression in Grave Disease with Dysthyroid Optic Neuropathy. World Neurosurg. 2021, 149, e1007–e1016.
[CrossRef]

126



J. Pers. Med. 2022, 12, 937

17. Smith, T.J.; Hegedüs, L. Graves’ Disease. N. Engl. J. Med. 2016, 375, 1552–1565. [CrossRef]
18. Willaert, R.; Degrieck, B.; Orhan, K.; Deferm, J.; Politis, C.; Shaheen, E.; Jacobs, R. Semi-Automatic Magnetic Resonance

Imaging Based Orbital Fat Volumetry: Reliability and Correlation with Computed Tomography. Int. J. Oral Maxillofac. Surg.
2021, 50, 416–422. [CrossRef]

19. Regensburg, N.I.; Kok, P.H.B.; Zonneveld, F.W.; Baldeschi, L.; Saeed, P.; Wiersinga, W.M.; Mourits, M.P. A New and Validated
CT-Based Method for the Calculation of Orbital Soft Tissue Volumes. Investig. Ophthalmol. Vis. Sci. 2008, 49, 1758–1762. [CrossRef]

20. Bijlsma, W.R.; Mourits, M.P. Radiologic Measurement of Extraocular Muscle Volumes in Patients with Graves’ Orbitopathy: A
Review and Guideline. Orbit 2006, 25, 83–91. [CrossRef]

21. Sentucq, C.; Schlund, M.; Bouet, B.; Garms, M.; Ferri, J.; Jacques, T.; Nicot, R. Overview of Tools for the Measurement of the
Orbital Volume and Their Applications to Orbital Surgery. J. Plast. Reconstr. Aesthet Surg. 2021, 74, 581–591. [CrossRef]

22. Bontzos, G.; Mazonakis, M.; Papadaki, E.; Maris, T.G.; Blazaki, S.; Drakonaki, E.E.; Detorakis, E.T. Ex Vivo Orbital Volumetry
Using Stereology and CT Imaging: A Comparison with Manual Planimetry. Eur. Radiol. 2019, 29, 1365–1374. [CrossRef]

23. Regensburg, N.I.; Wiersinga, W.M.; van Velthoven, M.E.J.; Berendschot, T.T.J.M.; Zonneveld, F.W.; Baldeschi, L.; Saeed, P.;
Mourits, M.P. Age and Gender-Specific Reference Values of Orbital Fat and Muscle Volumes in Caucasians. Br. J. Ophthalmol.
2011, 95, 1660–1663. [CrossRef]

24. Leong, S.C.; Karkos, P.D.; Macewen, C.J.; White, P.S. A Systematic Review of Outcomes Following Surgical Decompression for
Dysthyroid Orbitopathy. Laryngoscope 2009, 119, 1106–1115. [CrossRef]

25. European Group on Graves’ Orbitopathy (EUGOGO); Mourits, M.P.; Bijl, H.; Altea, M.A.; Baldeschi, L.; Boboridis, K.; Currò, N.;
Dickinson, A.J.; Eckstein, A.; Freidel, M.; et al. Outcome of Orbital Decompression for Disfiguring Proptosis in Patients with
Graves’ Orbitopathy Using Various Surgical Procedures. Br. J. Ophthalmol. 2009, 93, 1518–1523. [CrossRef]

26. Barrett, L.; Glatt, H.J.; Burde, R.M.; Gado, M.H. Optic Nerve Dysfunction in Thyroid Eye Disease: CT. Radiology 1988, 167, 503–507.
[CrossRef]

27. Giaconi, J.A.; Kazim, M.; Rho, T.; Pfaff, C. CT Scan Evidence of Dysthyroid Optic Neuropathy. Ophthalmic Plast. Reconstr. Surg.
2002, 18, 177–182. [CrossRef]

28. Hallin, E.S.; Feldon, S.E. Graves’ Ophthalmopathy: I. Simple CT Estimates of Extraocular Muscle Volume. Br. J. Ophthalmol.
1988, 72, 674–677. [CrossRef]

29. Nugent, R.A.; Belkin, R.I.; Neigel, J.M.; Rootman, J.; Robertson, W.D.; Spinelli, J.; Graeb, D.A. Graves Orbitopathy: Correlation of
CT and Clinical Findings. Radiology 1990, 177, 675–682. [CrossRef]

30. Weis, E.; Heran, M.K.S.; Jhamb, A.; Chan, A.K.; Chiu, J.P.; Hurley, M.C.; Rootman, J. Quantitative Computed Tomographic
Predictors of Compressive Optic Neuropathy in Patients with Thyroid Orbitopathy: A Volumetric Analysis. Ophthalmology
2012, 119, 2174–2178. [CrossRef]

31. Stan, M.N.; Bahn, R.S. Risk Factors for Development or Deterioration of Graves’ Ophthalmopathy. Thyroid 2010, 20, 777–783.
[CrossRef] [PubMed]

32. Baujat, B.; Krastinova, D.; Bach, C.A.; Coquille, F.; Chabolle, F. Orbital Morphology in Exophthalmos and Exorbitism. Plast.
Reconstr. Surg. 2006, 117, 542–550; discussion 551–552. [CrossRef]

33. Wiersinga, W.M.; Smit, T.; van der Gaag, R.; Mourits, M.; Koornneef, L. Clinical Presentation of Graves’ Ophthalmopathy.
Ophthalmic Res. 1989, 21, 73–82. [CrossRef]

34. Nanda, T.; Dunbar, K.E.; Campbell, A.A.; Bathras, R.M.; Kazim, M. Greater Proptosis Is Not Associated With Improved
Compressive Optic Neuropathy in Thyroid Eye Disease. Ophthalmic Plast. Reconstr. Surg. 2018, 34, S72–S74. [CrossRef] [PubMed]

35. Wang, Y.; Li, Y.Y.; Yang, N.; Ma, R.; Xiao, L.H. Therapeutic outcomes and influence factors of maximal orbital decompression in
the treatment of severe dysthyroid optic neuropathy. Zhonghua Yan Ke Za Zhi 2017, 53, 416–423. [CrossRef]

36. Wu, C.Y.; Stacey, A.W.; Kahana, A. Simultaneous Versus Staged Balanced Decompression for Thyroid-Related Compressive Optic
Neuropathy. Ophthalmic Plast. Reconstr. Surg. 2016, 32, 462–467. [CrossRef]

37. Kim, K.W.; Byun, J.S.; Lee, J.K. Surgical Effects of Various Orbital Decompression Methods in Thyroid-Associated Orbitopathy:
Computed Tomography-Based Comparative Analysis. J. Craniomaxillofac. Surg. 2014, 42, 1286–1291. [CrossRef] [PubMed]

38. Pereira, T.d.S.; Leite, C.d.A.; Kuniyoshi, C.H.; Gebrim, E.M.M.S.; Monteiro, M.L.R.; Pieroni Gonçalves, A.C. A Randomized
Comparative Study of Inferomedial vs. Balanced Orbital Decompression. Analysis of Changes in Orbital Volume, Eyelid
Parameters, and Eyeball Position. Eye 2021, 36, 547–554. [CrossRef]

39. Yo, K.; Nishimura, K.; Takahashi, Y.; Yokota, H.; Hatayama, N.; Hoshino, T.; Naito, M.; Ogawa, T.; Fujimoto, Y. Comparison of the
Decompressive Effect of Different Surgical Procedures for Dysthyroid Optic Neuropathy Using 3D Printed Models. Graefes Arch.
Clin. Exp. Ophthalmol. 2022, online ahead of print. [CrossRef]

127





Citation: Chen, N.-N.; Lai, C.-H.; Lee,

C.-Y.; Kuo, C.-N.; Chen, C.-L.; Huang,

J.-C.; Wu, P.-C.; Wu, P.-L.; Chen, C.-Y.

Change of Optical Coherence

Tomography Morphology and

Associated Structural Outcome in

Diabetic Macular Edema after

Ranibizumab Treatment. J. Pers. Med.

2022, 12, 611. https://doi.org/

10.3390/jpm12040611

Academic Editor: Chieh-Chih Tsai

Received: 26 March 2022

Accepted: 9 April 2022

Published: 11 April 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Personalized 

Medicine

Article

Change of Optical Coherence Tomography Morphology and
Associated Structural Outcome in Diabetic Macular Edema after
Ranibizumab Treatment
Nan-Ni Chen 1 , Chien-Hsiung Lai 1,2,3,* , Chai-Yi Lee 4 , Chien-Neng Kuo 5, Ching-Lung Chen 1,6,
Jou-Chen Huang 7,8, Pei-Chen Wu 9, Pei-Lun Wu 1 and Chau-Yin Chen 1

1 Department of Ophthalmology, Chang Gung Memorial Hospital, Chiayi 61363, Taiwan;
nani4chen@gmail.com (N.-N.C.); jackeichen@gmail.com (C.-L.C.); peilun@cgmh.org.tw (P.-L.W.);
ccy423@gmail.com (C.-Y.C.)

2 Department of Nursing, Chang Gung University of Science and Technology, Chiayi 61363, Taiwan
3 School of Traditional Chinese Medicine, College of Medicine, Chang Gung University, Taoyuan 33302, Taiwan
4 Department of Ophthalmology, Show Chwan Hospital, Changhua 50861, Taiwan; ao6u.3msn@hotmail.com
5 Department of Ophthalmology, Changhua Christian Hospital, Changhua 50861, Taiwan;

terrry339@yahoo.com.tw
6 Department of Optometry, Chung Hwa University of Medical Technology, Taipei 10650, Taiwan
7 Department of Ophthalmology, Taipei Medical University Hospital, Taipei 110301, Taiwan;

roro691213@gmail.com
8 Department of Ophthalmology, School of Medicine, College of Medicine, Taipei Medical University,

Taipei 110301, Taiwan
9 Department of Ophthalmology, Landseed International Hospital, Taoyuan 32449, Taiwan;

heyshowjim77@gmail.com
* Correspondence: oph4557@gmail.com; Tel.: +886-5362-1000 (ext. 3716)

Abstract: (1) Background: To investigate the correlation between therapeutic outcome and morpho-
logic changes for diabetic macular edema (DME) after intravitreal injection of ranibizumab (IVIR).
(2) Methods: This retrospective study included 228 eyes received IVIR for DME. Each participant
was traced for two years after the initial IVIR, while the data of ophthalmic examination, optical
coherence tomography (OCT) image, and systemic diseases were collected. The study population
was categorized into different subgroups according to the existence of OCT morphologic change
and the initial OCT morphologic pattern, including diffuse retinal thickening (DRT), cystoid mac-
ular edema (CME), serous retinal detachment (SRD), and vitreomacular interface abnormalities
(VMIAs). The primary outcomes were the baseline best-corrected visual acuity (BCVA) and central
macular thickness (CMT) during a two-year study period. The distribution of OCT morphologic
change and its relation to primary outcome were analyzed. (3) Results: Comparing the 42 eyes
(18.4%) with OCT morphological changes to another 186 eyes (81.6%) without such alteration, the
former showed a poorer baseline BCVA (0.84 ± 0.39 vs. 0.71 ± 0.36, p = 0.035), worse final BCVA
(0.99 ± 0.44 vs. 0.67 ± 0.30, p = 0.001), and thicker final CMT (354.21 ± 89.02 vs. 305.33 ± 83.05,
p = 0.001). Moreover, the VMIA developed in 14.9% of all DME patients presenting the most common
morphologic change among DRT, CME, and SRD. Besides, the presence of stroke was independently
correlated to the morphologic change (adjusted odds ratio [aOR]: 6.381, 95% confidence interval
(CI): 1.112–36.623, p = 0.038). (4) Conclusions: The change of OCT morphology in DME patients
receiving IVIR was correlated to worse structural and visual outcome while the formation of VMIA
most commonly occurred after initial treatment.

Keywords: optical coherence tomography; diabetic macular edema; antivascular endothelial growth
factors; vitreomacular interface abnormality
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1. Introduction

Spectral domain optical coherence tomography (SD-OCT) has been rapidly developed
and widely used for detection of alternation and quantification of retinal structure in
various types of macular edema [1]. Several patterns of diabetic macular edema (DME)
as well as OCT parameters have been proposed on SD-OCT, including diffuse retinal
thickening (DRT), cystoid macular edema (CME), serous retinal detachment (SRD), and
vitreomacular interface abnormalities (VMIAs) [1–8].

As intravitreous anti-vascular endothelial growth factors (anti-VEGF) injections have
become the first-line therapy for DME [9,10], OCT patterns used in monitoring the effect of
therapies for macular edema contribute to understanding the retinal anatomical response
and structure damage of DME with distinctive aspects in each morphologic subtype [8].
Previous studies have reported that the effect of intravitreal anti-VEGF treatment is pre-
dictable among different patterns of DME [3,5–7]; however, seldom studies demonstrated
the changes in OCT parameters over time after anti-VEGF therapy [11,12]. Although certain
OCT morphology may be likely developed after anti-VEGF treatment for DME, the exact
types need further validation.

Therefore, we aimed to investigate the association among different morphologic
subtypes of DME and the response and changes in OCT morphological features over time
after intravitreal ranibizumab (IVIR) injections.

2. Materials and Methods
2.1. Subject Selection

The retrospective cohort study was conducted and the medical records of 652 eyes
were reviewed from 433 patients with DME receiving at least one IVIR with 0.5 mg of
ranibizumab (0.05 mL) during February 2013 and June 2019 in Chang Gung Memorial
Hospital, Chiayi branch in southern Taiwan. The inclusion criteria included (1) clinically
significant macular edema (CSME) as defined by ETDRS; and (2) CMT of >300 µm as docu-
mented on OCT. The exclusion criteria were as follows: (1) any other ophthalmic disease
apart from diabetic retinopathy and cataract; (2) previous intravitreal bevacizumab, intrav-
itreal aflibercept, or intravitreal steroid injections; (3) previous macular focal laser therapy;
(4) intraocular surgery or panretinal photocoagulation within 3 months of commencement
of the study period; and (5) any missing data or poor OCT image quality at designated
time points. After the selection process, a total of 228 eyes of 150 patients with OCT scans
comprised the study population for evaluation of OCT morphologic characteristics.

2.2. Data Collection

At first visit, all patients underwent complete ophthalmic examination, including
best-corrected Snellen visual acuity (BCVA), slit-lamp examination, intraocular pressure
measurement, fundus photography, retina thickness measurement by OCT, and fluores-
cence angiography. BCVA values were converted to the logarithm of the minimum angle
of resolution (logMAR) scale for statistical manipulation. Metabolic parameters were also
assessed through review of the comprehensive medical records, including hypertension
(HTN), coronary artery disease (CAD), stroke, chronic kidney disease (CKD), hyperlipi-
demia, thyroid disease, and cancer. After the IVIR, patients were examined monthly until
3 months, then 6, 12, and 24 months for collecting the OCT morphology parameters. The de-
cision to perform reinjection was based on persistent or increased sub-retinal fluid/cystoid
macular edema, or CMT > 300 µm on OCT at the monthly control visits. If any morphology
change occurred, it would be recorded at all designated time points.

2.3. Morphology Measurement

One SD-OCT device (Optovue Inc., Fremont, CA, USA) with software version 6.2.2.73
was applied for the image collection and analysis. The eyes were classified into 4 subgroups
based on the cross-sectional retinal morphologies. The anatomic outcome was defined as
CMT reduction between the baseline and the control visit. The CMT was automatically
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calculated as the average retinal thickness within the central circle of a 500-µm radius.
At the designated period of time of 2 years, all patients were divided into two groups
according to the presence of morphology changes. Patients with any OCT morphology
changes were categorized as group 1 (42 eyes), while those without changes of OCT pattern
were regarded as group 2 (186 eyes). The OCT patterns were classified into four types:
(1) the DRT pattern characterized by a generalized, heterogeneous, sponge-like swelling of
the macula with mild hyporeflectivity compared with normal retina; (2) the CME pattern
defined by intraretinal oval cystoid spaces of low reflectivity, typically separated by highly
reflective septae; (3) the SRD pattern showing a hyporeflective, dome-shaped detachment
between the retinal pigment epithelium (RPE) and the retina; and (4)VMIA including
the presence of epiretinal membranes (ERM) or vitreomacular traction (VMT). Both ERM
and VMT presented as a highly reflective band or membrane on the retinal surface. All
patients were divided into four groups based on the OCT findings, as our previous work
have mentioned [13]. DRT group included patients with only pure DRT, while CME
group included patients with CME, but no subretinal fluid or vitreous macular interface
abnormalities. If DRT and CME coexisted, then CME was considered the dominant pattern.
SRD group comprised patients with SRD, but without VMIA. When DRT, CME, and SRD
all presented, the eye was classified into SRD group. Regardless of pattern combinations,
eyes with ERM or vitreomacular traction were classified into VMIA group.

2.4. Statistical Analysis

All analyses were computed by using the PASW Statistics 18 software (Version 18.0.
SPSS Inc., Chicago, IL, USA). Descriptive analysis was used to show the baseline char-
acteristics of the study group. Then, the basic properties as well as the changes of CMT
between group 1 and group 2 were analyzed by using independent t-test and Chi-square
test, respectively. Next, the rate of morphological changes among different OCT subgroups
was analyzed by one-way analysis of variance with post-hoc exam of Dunnett T3. The bar
chart was plotted to demonstrate the distribution of OCT morphology change among the
different subgroups. Besides, the multivariate logistic regression analysis was utilized to
yield adjusted odds ratio (aOR), corresponding 95% confidence interval (CI) for evaluating
the correlation between OCT morphology alteration and demographic data as well as
systemic parameters. A p value of less than 0.05 is regarded as statistical significance.

3. Results
3.1. Baseline Characteristics and Treatment Outcome

The baseline characteristics of the study population are summarized in Table 1. The
mean age was 66.30 ± 9.47 years in the group 1 and 65.66 ± 9.01 in group 2 without
significant difference (p = 0.720). The overall average dosages of injections for all patients
were 4.31 ± 1.26 in the first year and 5.33 ± 1.90 in two years. Besides, no differences
were noted between group 1 and group 2 regarding the baseline characteristics of gender,
diabetes retinopathy stage (PDR/NPDR), panretinal photocoagulation, baseline CMT and
average one-year and two-year injection dosage (all p > 0.05). However, the baseline BCVA,
final BCVA, and CMT at second year of treatment were significantly different between
two groups (p = 0.035, 0.001, and 0.001, respectively) in which group 1 was correlated to a
poorer baseline and final BCVA (0.84 ± 0.39 and 0.99 ± 0.44, log MAR), and greater second
year CMT (354.21 ± 89.02) (Table 1).

Table 1. Demographic and clinical properties of the patients.

Description Group 1 Group 2 p-Value

No. of eyes 42 186
Male/Female 19/14 76/41 0.437

Age, years 66.30 ± 9.47 65.66 ± 9.01 0.720
Baseline BCVA (logMAR) 0.84 ± 0.39 0.71 ± 0.36 0.035
2nd year BCVA (logMAR) 0.99 ± 0.44 0.67 ± 0.30 0.001
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Table 1. Cont.

Description Group 1 Group 2 p-Value

1 year dosage 4.40 ± 1.13 4.30 ± 1.31 0.618
2 years dosage 5.43 ± 1.71 5.31 ± 1.95 0.709

HbA1c 7.56 ± 1.09 7.56 ± 1.19 0.993
NPDR/PDR 26/16 114/72 0.941

PRP 33 130 0.260
Pseudophakia 9 51 0.426
High Myopia 2 5 0.616

Smoking 1 6 1.000
Hypertension 23 70 0.302

Hyperlipidemia 4 23 0.320
Coronary artery disease 2 7 1.000

Stroke 4 5 0.108
Chronic kidney disease 9 21 0.237

Thyroid disease 0 1 1.000
Cancer 2 4 0.613

Group 1: patients with presence of OCT morphological changes after treatment; Group 2: patients without OCT
morphological changes after treatment; BCVA: best corrected visual acuity; CMT: central macula thickness; PDR:
proliferative diabetic retinopathy; NPDR: non-proliferative diabetic retinopathy; PRP: panretinal photocoagulation.

3.2. Subgroup Analysis for Morphological Changes

In the subgroup analysis, 38 eyes were classified into DRT group, 80 in CME group,
45 in SRD group, and 62 in VMIA group. All combinations of morphological subtypes
of DME and number of conversions into another subtypes over time period of two years
are summarized in Table 2. The percentage of OCT morphology changes among DRT,
CME and SRD groups showed no significant difference (all p > 0.05). The distributions
of morphological changes over the course of Ranibizumab treatment among different
subtypes are shown in Figure 1. Moreover, VMIA was the most common type of change
and developed in 14.9% of patients with DME receiving IVIR treatment during a follow-
up period of 24 months. The number of clinically detectable ERM cases did not change
significantly after the 2nd year with a mean period of 45.7 months follow-up. Overall, we
found a mean period of 12.3 months when the first detection of changes between different
DME subtypes.

Table 2. Combinations of morphological subtypes and changes over time period of 2 years.

OCT Patterns All No. (%) No. of Changes over Time Period of 2 Years (%)

DRT group
DRT alone 38 (16.67%) 9 (23.7%)
Combined pattern 0 (0%) 0 (0%)
Total 38 (16.67%) 9 (23.7%)

CME group
CME alone 20 (8.77%) 3 (15.0%)
Combined pattern 60 (26.3%) 14 (23.3%)
Total 80 (35.09%) 17 (21.3%)

SRD group
SRD alone 7 (3.07%) 0 (0%)
Combined pattern 38 (16.67%) 11 (28.95%)
Total 45 (19.7%) 11(24.44%)

VMIA group
ERM alone 13 (5.70%) 1 (7.7%)
Combined pattern 52 (22.80%) 3 (5.77%)
Total 65 (28.5%) 4 (6.15%)

132



J. Pers. Med. 2022, 12, 611

J. Pers. Med. 2022, 12, x FOR PEER REVIEW 5 of 9 
 

 

  Combined pattern 38 (16.67%) 11 (28.95%) 
  Total  45 (19.7%) 11(24.44%) 
VMIA group    
  ERM alone 13 (5.70%) 1 (7.7%) 
  Combined pattern 52 (22.80%) 3 (5.77%) 
  Total  65 (28.5%) 4 (6.15%) 

 
Figure 1. Distributions of morphological changes over the course of Ranibizumab treatment among 
different subtypes. 

3.3. Correlation between Systemic Parameters and Morphology 
Regarding the potential confounding factors for the morphological change in DME, 

stroke was significantly associated with higher risk for developing into another DME sub-
types (aOR: 6.381, 95% CI: 1.112–36.623, p = 0.038) using multivariate logistic regression 
analysis. However, other demographic data and systemic parameters did not reveal sig-
nificant correlation to the change in OCT morphology (all p > 0.05) (Table 3). 

Table 3. Multivariate logistic regression analysis of morphological changes. 

Variable S.E OR (95% CI) p-Value 
Intercept 1.614  0.117 

Age 0.024 1.012 (0.966, 1.060) 0.615 
Gender 0.440 1.425 (0.602, 3.375) 0.421 

Smoking 1.242 0.487 (0.043, 5.555) 0.563 
Alcohol 0.963 1.743 (0.264, 11.500) 0.564 
HbA1c 0.186 1.061 (0.737, 1.526) 0.750 

Hypertension 0.460 1.459 (0.593, 3.593) 0.411 
CAD 0.933 0.631 (0.101, 3.925) 0.622 

Stroke 0.892 6.381 (1.112, 36.623) 0.038 
CKD 0.525 2.316 (0.828, 6.476) 0.109 

Cancer 0.931 1.085 (0.175, 6.733) 0.930 
Hyperlipidemia 0.728 0.258 (0.062, 1.075) 0.063 

CAD: coronary artery disease; CKD: chronic kidney disease. 

4. Discussion 
In DME, liquid accumulation can occur in intracellular or extracellular spaces due to 

cytotoxic or vasogenic process [14]. Furthermore, pathologic fibrocellular changes at the 

Figure 1. Distributions of morphological changes over the course of Ranibizumab treatment among
different subtypes.

3.3. Correlation between Systemic Parameters and Morphology

Regarding the potential confounding factors for the morphological change in DME,
stroke was significantly associated with higher risk for developing into another DME
subtypes (aOR: 6.381, 95% CI: 1.112–36.623, p = 0.038) using multivariate logistic regression
analysis. However, other demographic data and systemic parameters did not reveal
significant correlation to the change in OCT morphology (all p > 0.05) (Table 3).

Table 3. Multivariate logistic regression analysis of morphological changes.

Variable S.E OR (95% CI) p-Value

Intercept 1.614 0.117
Age 0.024 1.012 (0.966, 1.060) 0.615

Gender 0.440 1.425 (0.602, 3.375) 0.421
Smoking 1.242 0.487 (0.043, 5.555) 0.563
Alcohol 0.963 1.743 (0.264, 11.500) 0.564
HbA1c 0.186 1.061 (0.737, 1.526) 0.750

Hypertension 0.460 1.459 (0.593, 3.593) 0.411
CAD 0.933 0.631 (0.101, 3.925) 0.622

Stroke 0.892 6.381 (1.112, 36.623) 0.038
CKD 0.525 2.316 (0.828, 6.476) 0.109

Cancer 0.931 1.085 (0.175, 6.733) 0.930
Hyperlipidemia 0.728 0.258 (0.062, 1.075) 0.063

CAD: coronary artery disease; CKD: chronic kidney disease.

4. Discussion

In DME, liquid accumulation can occur in intracellular or extracellular spaces due to
cytotoxic or vasogenic process [14]. Furthermore, pathologic fibrocellular changes at the
vitreomacular interface are present in eyes with DME irrespective of the type of macular
edema as classified by SD-OCT. Several patterns of macular edema depending on the
location of intracellular or extracellular fluid have been first described by Otani et al. [15].
Investigators have found variable results for visual and anatomic improvement in different
groups after anti-VEGF treatment [4–7,16–22]. Similarly to our current study, changes
in OCT parameters over time after IVIR treatment were noted. Compared with group 2
without morphology changes, group 1 showed a significant higher CMT at the second
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year (p = 0.001), indicating poor response to anti-VEGF therapy and other different key
mechanisms involved in the development of DME. This finding suggests that the possible
strategy may shift to dexamethasone therapy or even surgical treatment.

On the aspect of VMIA groups, any alterations of OCT morphology, such as newly
developed CME, SRD, or macula contracture in the development and progression of DME
could occur with previous exiting vitreomacular interface abnormality. One eye with ERM
further developed macula pucker at the 12th month. The CMT outcome at the second
year follow-up showed an average of 390.5 ± 75.3 µm in VMIA group patients with
morphological changes. The finding had considerable discrepancy in our previous work,
which had favorable improvement in reduction of CMT in VMIA group with consistent
IVIR injections [13]. Patients with poor response, underlying physical mechanisms of
pathogenesis other than VEGF, may be involved and receive benefit from the treatment
of surgical relief of traction [23]. Nevertheless, among the eyes developing ERM during
the anti-VEGF treatment course, the CMT outcome at the second year showed a better
resolution of 19.33 µm with shorter follow-up period compared with VMIA group, though
there was no statistically significant (p = 0.62). We still assume that this difference may
be caused by distinct mechanisms of ERM formation. Previous studies have stated that
anti-VEGF agents may be involved in the fibrotic process of diabetic eyes, induced by
the intravitreal injection method or angio-fibrotic switch of VEGF and CTGF in PDR [24].
Besides, long-term intravitreal injection attributing to repetition of volume expansion
may accelerate posterior vitreous detachment, which is beneficial in the natural history of
DME [25]. The ERM associated with posterior vitreous detachment may instead provide
a tension force toward the retina to prevent macula edema from progression in patients
whose epiretinal membranes initiated secondary to the vasculopathy process at macula,
and patients with repetition of intravitreal injections. Most importantly, though CMT could
achieve favorable results, symptoms of retinal distortion resulting from ERMs are still
considered as a surgical indication.

Among three subtypes of DME, patients with CME or DRT had higher risk of de-
velopment of VMIA than those with SRD. In accordance with the immunostaining result
conducted by Haguenau, F. et al., which eyes with DRT and CME were most intensely
positive for active myofibroblasts and the enzyme matrix metalloproteinase-9 (MMP-9) [26],
our findings address the tendency for progression to proliferative disease in DRT and CME
groups. In the present study, a succession of change was noticed from DRT to CME/SRD
and from CME to SRD, although vasogenic or inflammatory etiology of DME is very
difficult to distinguish from OCT. In contrary, none of eyes with pure SRD transformed
into CME type after IVIR treatment, except the coexistence of initial VMIA. As vasogenic
changes secondary to hyperglycemia begins the cascade of macular edema formation
causing a failure in the RPE pump function [14,27,28], we suppose SRD may be an in-
dicator of earlier stage DME, which responds well to IVIR and seldom transforms into
other subtypes under intravitreal anti-VEGF therapy. Apparently, this finding correlates
well with previous studies, which the presence of subretinal fluid has better response to
treatment [11,29]. The individual differences of RPE function contributing to the presence
of this early sign, provide in-depth explanation why part of patients developed SRD with
longer DME duration and disease progression, as the schematic diagram illustrated in
Figure 2.

As DM progressed, the hyperglycemia status initiates breakdown of RPE barrier. RPE
cells could decompensate at any stages of DME on interindividual variation and then
patients develop SRD. Consequently, accumulation of the fluid causes edema (CME/DRT).
Fibrocellular proliferation on the internal limiting membrane further results in ERM sec-
ondary to DM retinopathy or intravitreal injections.

On the aspect of the association between DM retinopathy and cardiovascular diseases
such as stroke or CAD, prior studies have addressed that patients with type 2 diabetes and
DME or PDR have an increased risk of cardiovascular events [30]. In our present study, we
found DME patient with stroke had a 6.4-fold increase in the relative risk of developing into
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another DME subtypes. This finding may account for the relationship between stroke and
severe diabetes, or the relevant confounding factors related to stroke. Moreover, for patients
taking aspirin regularly, the anti-inflammatory agent as a confounding factor may block the
gap junction communication between the RPE cells, damage retinal microenvironment [31],
and possibly worsen the progression of DME.
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Our study has several limitations to be noted. First, this nonrandomized and un-
controlled study retrospectively collected data from a relatively small number of patients
without standardized treatment regimen. Second, due to the reimbursement limitations,
most patients were undertreated with a mean number of 5.33 injections over 24 months.
Data were derived from poor-quality images, previous treatments, or short follow-up
period resulted in relative large number of excluded cases. Yet, eyes with different duration
of DME, control of DM, and timing for injections were not evaluated, reflecting real-life
conditions in clinical practice.

5. Conclusions

In summary, macula edema disappeared rapidly after IVIR treatment and might
recur or even evolve to other subtypes over time, indicating a disease progression with
poor structure and visual outcome. Pathologic fibrocellular changes at the vitreomacular
interface were the most common type of changes and presented in all eyes with DME
regardless of the type of macular edema as classified by SD-OCT. We suppose SRD may
be an indicator of earlier stage DME, which responds well to IVIR and seldom transforms
into other subtypes under intravitreal anti-VEGF therapy. Future research should focus on
exploring different etiologies in DME, which would allow clinicians to offer more precise
and individualized treatments.
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Abstract: To evaluate the safety and efficacy of orbital decompression combined with strabismus
surgery in thyroid-associated orbitopathy (TAO) and identify factors leading to surgical success. A
retrospective comparative case series was conducted on 52 patients who were treated with combined
orbital decompression and strabismus surgery. Outcome measurements included perioperative
Hertel exophthalmometry and strabismus measurements. Surgical success was defined as binocular
single vision (BSV) in the primary and reading positions within 5 prism diopters (PDs). As a result,
the average reduction in proptosis was 3.23 mm, with a mean preoperative Hertel measurement of
22.64 mm. Forty-four patients (84.6%) achieved the success criterion and composed the success group.
In addition to sex and underlying hyperthyroidism, symmetry of orbitopathy, interocular exophthal-
mos difference of more than 2 mm, predominant esotropia type, mixed type strabismus, baseline
horizontal deviations, baseline vertical deviations, and combination with one-wall decompression
surgery were significantly different between the success and failure groups. All complications were
mild and temporary. Orbital decompression combined with strabismus surgery produced satisfac-
tory outcomes in selected patients with efficacy and safety. Symmetry between the two eyes with
relatively simple strabismus and proptosis ensured surgical success. With experienced surgeons,
advanced techniques, and selected patients, this method can serve as an alternative treatment option
to minimize the number of surgeries, medical costs and recovery period.

Keywords: hyperthyroidism; strabismus; orbital decompression surgery

1. Introduction

Thyroid-associated orbitopathy (TAO) is a complex disorder associated with autoim-
munity against orbital tissues and is characterized by inflammation of retrobulbar tissues,
adipogenesis, and the accumulation of glycosaminoglycans within the extraocular mus-
cles [1]. Clinical presentations include proptosis, diplopia, lid retraction, corneal erosion,
and visual impairment [2]. The symptoms could be highly variable even between the two
eyes of the same patient [3]. Medication is the first line of treatment [4]. However, up to
20% of TAO patients undergo surgical intervention [5].
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In 1986, Shorr and Seiff [6] proposed the staged approach in the surgical treatment of
TAO patients: (1) orbital decompression, (2) extraocular muscle surgery, (3) eyelid margin
repositioning, and (4) blepharoplasty. This approach has become a consensus and has been
carried out for most TAO patients requiring surgical intervention. Orbital decompression
is often suggested first, as it can cause ocular alignment shifting, affecting strabismic
measurements and eyelid positioning [7,8]. Decompression-related disease reactivation
is rare but also a concern [9]. Nonetheless, a wide variety of surgical techniques have
been introduced and improved over the years, and the rate of patients undergoing orbital
decompression for TAO has increased substantially [10]. However, it has been changed
since the introduction of Tepezza [11]. Current indications for surgery have also become
broad, from cases of optic neuropathy to extreme corneal exposure to cosmetic rejuvenation,
and surgical techniques are often individualized for different cases [12–14].

The first attempt at simultaneous orbital decompression and eye muscle surgery was
described by Michel et al. in 2001 to correct the alignment shifting caused by medial
wall decompression. Ocular motility was corrected by medial rectus muscle recession
in 58 patients. They achieved free of double vision within margins of 20 degrees in
each direction in 31 out of 58 patients after the initial operation [15]. Moreover, studies
combining procedures in different stages have emerged in recent years, including orbital
decompression surgery combined with eyelid or strabismus surgery. Most studies have
shown a reduced number of surgeries without compromising results compared with the
staged process [16–20].

In our study, the medical records of 52 TAO patients were reviewed, and all patients
underwent combined orbital decompression and strabismus surgery. They were then
divided into a success group (44 patients) and a failure group (8 patients). We reviewed the
surgical outcomes, the preoperative and postoperative data, and the events of complications
and compared the results with those of previous studies. The goal of this study was to
evaluate and provide another perspective of the surgical approach to TAO using a combined
surgical method for orbital decompression and strabismus correction.

2. Materials and Methods

The medical records of patients undergoing combined orbital decompression and
strabismus surgery at Tri-Service General Hospital for mild to moderate TAO from January
2015 to December 2020 were retrospectively reviewed. The study was approved by the
Institutional Review Board of Tri-Service General Hospital (1-107-05-119).

All patients with hyperthyroidism had received medication treatment at the En-
docrinology Department first, and stable disease with euthyroid status was achieved.
Data was collected included age, sex, clinical manifestations of TAO, past medical history,
and smoking status. Preoperative and postoperative evaluations included visual acuity
(VA), intraocular pressure (IOP), a slit lamp exam, Hertel exophthalmometry, extraocular
movements (EOMs), and prism tests. A preoperative imaging study was performed for
every patient with computed tomography scans (CT) to assess orbital crowding and muscle
hypertrophy and aid in surgical planning.

The indications of the combined surgery were as follows: (1) diagnosis of thyroid-
associated orbitopathy; (2) disfiguring exophthalmos requiring cosmetic rehabilitation;
(3) restrictive strabismus associated with extraocular muscle hypertrophy and symptoms
of diplopia; and (4) inactive disease (clinical activity score less than 3) with euthyroid
state. Surgery was performed after both euthyroid state after medication control and stable
ophthalmic signs with regular follow-ups for more than 6 months were achieved.

All surgeries were performed under general anesthesia by one surgeon (Ke-Hung
Chien, MD). A transconjunctival approach was employed for orbital decompression, and
adjunctive fat decompression was performed simultaneously if needed. The extent of
bone and fat removal was individualized according to the proptosis severity and followed
the TAO management protocol [21]. The protocol was mainly determined by Hertel
exophthalmeter measurements and the presence of diplopia. Patients were selected for
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combined surgeries in this study if they had ocular deviation of more than 10 PD in
either horizontal or vertical dimension. Strabismus surgery was performed in the same
session after orbital decompression, and extraocular muscle recession and/or resection was
performed according to preoperative measurements of restrictive strabismus.

Some modifications were made to prevent complications:

(1) We created two separate incisions for different procedures. For example, one inferome-
dial conjunctival forniceal incision was used for inferomedial orbital decompression,
and one inferolateral conjunctival forniceal incision was used for inferior rectus mus-
cle surgery, and inferomedial conjunctival limbal incision was used for medial rectus
muscle surgery. Usually, recession of extraocular muscles was done, and resection
was performed occasionally to further correct strabismus.

(2) During inferomedial orbital decompression, we performed strut preservation to
minimize surgery-induced diplopia and consecutive hypoglobus [22].

(3) During strabismus surgery, we followed the surgical dose response modification with
the “intraoperative relaxed muscle positioning technique” [23–26].

Follow-up was arranged at one week, one month, and three months postoperatively. The
clinical outcome measures included Hertel exophthalmometry and strabismus measurements.

The success criteria were set from the literature and modified according to clinical
practice [27–29]. We defined success in our study as binocular single vision (BSV) in the
primary and reading positions within 5 prism diopters (PDs) at least 3 months after the
first operation. The criteria of failure were met if the patient had persistent diplopia,
had correctable diplopia with more than 5 PDs in the primary and reading positions, or
underwent a second operation within 3 months after the first operation.

We used SPSS statistical software version 18 (SPSS Inc, IBM Company, Chicago, IL,
USA) to perform statistical analyses. Continuous variables between group 1 and group 2
were analyzed by t-test. The variables for the success factors analysis were identified using
univariate and multivariate linear regression analyses. A p value < 0.05 was considered
statistically significant.

3. Results

A total of 52 subjects underwent combined orbital decompression and strabismus
surgery at Tri-Service General Hospital and were included in the study.

The whole group comprised 35 females and 17 males, with a mean age of 56.07 years
ranging from 29.2 to 91.6 years. There were 45 patients who developed TAO with underly-
ing hyperthyroidism, with 3 cases of Hashimoto’s thyroiditis, 2 cases of hypothyroidism,
and 2 cases of consecutive hypothyroidism (from thyroidectomy). Mean follow-up time of
the patients was 24.7 months, ranging from 3.6 months to 132.7 months (Table 1).

Table 1. Demographic characteristics of the patients in the study.

Whole Group Group 1
(Success)

Group 2
(Failure) p Value

No. of subjects (N) (%) 52 (100%) 44 (84.6%) 8 (15.4%)
Male (N) (%) 17 (32.7%) 15 (34.1%) 2 (25.0%) 0.04 *

Female (N) (%) 35 (67.3%) 29 (65.9%) 6 (75.0%)
Age at operation (years) (mean) (SD) 56.07 (14.18) 54.95 (13.15) 57.29 (16.38) 0.66
Age at operation (years) (min) (max) (29.2) (91.6) (29.2) (77.8) (36.1) (91.6)

Follow-up period (month) (mean) (SD) 24.7 (27.9) 28.2 (23.9) 16.44 (8.23) 0.17
Follow-up period (min) (max) (3.6) (132.7) (3.6) (132.7) (4.2) (70.5)

Underlying hyperthyroidism (N) (%) 45 (86.5%) 39 (88.6%) 6 (75%) 0.03 *

The p value in the table is from values compared between Group 1 and Group 2. N = case number. SD = standard
deviation. p < 0.05 = significant (*).

In reviewing the patients’ background prior to the surgery, 24 patients (46.2%) had a
history of smoking, including active status and quitting status after TAO diagnosis. All
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patients had been receiving medical treatment and attained the euthyroid state at least
6 months before surgery, 33 patients (63.5%) had a history of prior usage of corticosteroids,
7 patients (13.5%) underwent radioactive iodine treatment, and 1 patient (1.9%) underwent
radiotherapy. The mean duration of TAO was 29.2 months (Table 2).

Table 2. Background of patients prior to the surgery.

Whole Group
(N = 52)

Group 1
(Success)
(N = 44)

Group 2
(Failure)
(N = 8)

p Value

Relative symmetry of orbitopathy
(Less than 2 mm difference) (N) (%) 47 (90.4%) 42 (93.2%) 5 (62.5%) 0.02 *

Preoperative exophthalmos difference (mm) (mean) (SD) 1.23 (0.86) 1.08 (0.81) 2.05 (0.94) 0.03 *
Preoperative exophthalmos (mm) (mean) (SD) 22.64 (2.56) 22.36 (2.41) 24.18 (4.12) 0.63
Postoperative exophthalmos (mm) (mean) (SD) 19.41 (1.73) 19.24 (1.65) 20.35 (2.13) 0.39

Smoking including active and quit (N) (%) 24 (46.2%) 21 (47.8%) 3 (37.5%) 0.05
Prior corticosteroid usage (N) (%) 33 (63.5%) 28 (63.6%) 5 (62.5%) 0.11

Prior radioactive iodine usage (N) (%) 7 (13.5%) 6 (13.6%) 1 (12.5%) 0.13
Prior radiotherapy (N) (%) 1 (1.9%) 1 (2.3%) 0 (0) 0.06

TAO duration (month) (mean) (SD) 29.27 (13.1) 29.1 (12.3) 30.2 (14.5) 0.15

The p value in the table is from values compared between Group 1 and Group 2. N = case number. SD = standard
deviation. TAO = thyroid-associated ophthalmopathy. p < 0.05 = significant (*).

In the whole group, the patients had a preoperative exophthalmos of 22.64 mm
(SD = 3.62) and a postoperative exophthalmos of 19.41 mm (SD = 1.82). Assessing the
exophthalmos difference between the two eyes, 47 patients (90.4%) had a relative symmetry
of their orbitopathy (interocular exophthalmos difference less than 2 mm). Strabismus
exams showed 8 patients (15.4%) with predominant esotropia (with a vertical component
less than 5 PDs), 6 patients (11.5%) with predominant hypotropia (with a horizontal
component less than 5 PDs), and 38 patients (73.1%) with mixed strabismus. Their mean
baseline horizontal deviation was 27.6 PDs (SD = 8.6), and the mean baseline vertical
deviation was 9.1 PDs (SD = 6.2). Additionally, 20 patients (38.5%) were found to have
cyclotorsion before surgery (Table 3).

Table 3. Perioperative examinations of the patients in the study.

Whole Group
(N = 52)

Group 1
(Success)
(N = 44)

Group 2
(Failure)
(N = 8)

p Value

Type of strabismus
Predominantly esotropia (N) (%)

(Without other component > 5 PDs) 8 (15.4%) 8 (18.2%) 0 (0) 0.03 *

Predominantly hypotropia (N) (%)
(Without other component > 5 PDs) 6 (11.5%) 5 (11.4%) 1 (12.5%) 0.17

Mixed type strabismus (N) (%)
(More than one component > 5 PDs) 38 (73.1%) 31 (70.5%) 7 (87.5%) 0.02 *

Baseline horizontal deviations 1 (PD) (mean) (SD) 27.6 (8.8) 26.4 (8.5) 34.1 (9.7) 0.03 *
Baseline vertical deviations 1 (PD) (mean) (SD) 9.1 (7.0) 8.3 (6.7) 13.6 (7.6) 0.02 *

Cyclotorsion (N) (%) 20 (38.5%) 16 (36.4%) 4 (50%) 0.66
Combination surgery with one muscle (N) (%) 16 (30.8%) 14 (31.8%) 2 (25%) 0.33

Combination surgery with two or more muscles (N) (%) 36 (69.2%) 30 (68.2%) 6 (75%) 0.41
Combination with one-wall decompression (N) (%) 27 (51.9%) 26 (59.1%) 1 (12.5%) 0.02 *

Combination with two or more walls decompression (N) (%) 25 (48.1%) 18 (40.9%) 7 (87.5%) 0.03 *

The p value in the table is from values compared between Group 1 and Group 2. N = case number. SD = standard
deviation. PD = prism diopter. p < 0.05 = significant (*). 1 Deviation of esotropia and hypotropia were in plus
numbers while deviation in exotropia and hypertropia were in minus numbers.
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Generally, we followed the TAO management protocol [21] with some modifica-
tions (detailed in the Methods section). In total, 16 patients (30.8%) underwent single
muscle surgery, and 27 patients (51.9%) underwent one-wall decompression in their
combination surgery.

To further evaluate the factors in combination surgery, the whole group was then
divided into two groups (the success and failure groups) according to their postoperative
strabismus status, with a criterion of BSV in the primary and reading positions within
5 PDs at the 3-month follow-up visit. Following the criteria, 44 patients (84.62%) were
included in the success group, while 8 (15.38%) were included in the failure group.

Regarding the characteristics of the subgroups, there were significant differences in
sex (p = 0.04) and underlying hyperthyroidism (p = 0.03) (Table 1). In the baseline TAO
examinations, symmetry of orbitopathy (p = 0.02) and interocular exophthalmos difference
more than 2 mm (p = 0.03) were significantly different between the groups, while there
was no significant difference in other parameters, such as preoperative exophthalmos mea-
surement, smoking status, history of corticosteroid usage, radioactive iodine, radiotherapy,
and duration of TAO (Table 2). In the evaluation of operative parameters, predominant
esotropia type, mixed-type strabismus, baseline horizontal deviations, baseline vertical de-
viations, and combination with one-wall decompression surgery were significantly different
between the two groups (Table 3).

To determine which parameter most commonly leads to the success of combination
surgery, we performed statistical analysis on the relationships among all baseline character-
istics and preoperative ophthalmic exams with surgical success. According to the results,
symmetry of orbitopathy (p < 0.001), interocular exophthalmos difference of more than
2 mm (p = 0.012), mixed-type strabismus (p = 0.041), baseline vertical deviation (p = 0.011)
and combination with one-wall decompression surgery (p = 0.036) were significantly related
to surgical success (all with negative correlations). According to the correlation statistics,
interocular exophthalmos difference of greater than 2 mm (r = −0.412), mixed-type strabis-
mus (r = −0.127), and baseline vertical deviation (r = −0.438) had negative correlations,
while symmetry of orbitopathy (r = 0.541) and combination with one-wall decompression
surgery (r= 0.273) had positive correlations. This result implied that patients with more
symmetry between the two orbits and less proptosis more easily tended to experience
surgical success in the combination surgery.

There were no major complications noted in our cohort, such as cerebrospinal fluid
(CSF) leakage, global injury, or vision loss. However, there were five patients (9.6%) (three
patients (6.8%) in the success group and two patients (25%) in the failure group) with
temporary infraorbital nerve compromise. One patient in the success group experienced
postoperative soft tissue adhesion (symblepharon).

4. Discussion

Current minimally invasive surgical decompression techniques have improved surgi-
cal outcomes and demonstrated potential in combination with additional procedures [30].
Combination surgeries for TAO management, including two or three of the staged surg-
eries, are now gaining popularity. In our study, strabismus correction was performed by
recessing the hypertrophied extraocular muscles after orbital decompression in the same
session. The results showed an 84.6% success rate with the criterion of any postoperative
deviations less than 5 PDs. To the best of our knowledge, in addition to our study, there
was a study published in 2016 by Seung Woo Choi [18] that reported five patients who
underwent combined orbital decompression and strabismus surgery. The study included
three cases of lateral wall decompression, one case of balanced decompression, and one case
of fat decompression. The mean postoperative Hertel value reduction was 2.1 ± 2.0 mm.
The sum of the angles in BSV for the five patients who underwent combined surgery
improved from 101.3◦ to 318.8◦ (p = 0.068). Our study included 52 patients and showed a
comparable reduction in exophthalmos measurement (3.23 ± 2.21 mm in the whole group,
3.12 ± 1.73 mm in the success group, and 3.83 ± 3.12 mm in the failure group), even when
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combined with strabismus surgery. This finding demonstrated that combination surgery
could be an effective treatment choice in these patients.

Inferomedial decompression by itself can have widely variable effects, depending on
the surgeon technique and extent of bony decompression. For the transnasal and transor-
bital approaches, studies have shown postoperative diplopia rates ranging from 10% to
35% [31–34]. The technique was adopted in our study mainly due to surgeon preference and
followed the modification to minimize surgically induced diplopia. Modifications of de-
compression techniques, including inferomedial strut preservation and selective periosteal
dissection, have been reported to reduce the incidence of postoperative diplopia [22,35–37].
According to our experience, a limited range of decompression with preservation of vital
structures can produce a more stable and predictable surgical outcome.

Some studies have reported that lateral wall decompression shows preferable results,
with new-onset diplopia rates ranging from 0% to 6% [38–43]. This method was adopted
in the combined surgery performed in the study of Seung Woo Choi [18], which also
produced results comparable to those of staged surgery. However, orbital decompression
techniques still lack consistency in outcome, and nonuniform strabismus measurements
also limit the ability to make evidence-based decisions [44]. Thus, in regard to practice,
surgeon experience and preference still play a major role in adopting decompression
techniques. In our study, lateral wall decompression was only considered in patients with
a preoperative exophthalmos greater than 24 mm in either balanced decompression or
three-wall decompression [21]. The protocol showed reliable results even when combined
with strabismus correction in our study.

Studies have reported that 17–45% of TAO patients require more than one procedure to
correct TAO-related strabismus [45]. It often causes significant difficulty in daily activities,
and early correction may greatly improve quality of life [25,46]. In addition, strabismus
surgery is difficult to concur due to significant postoperative drift and different surgical
dose responses with common strabismus surgeries [23,24,27,47]. To more precisely evaluate
the strabismus result, we modified the intraoperative relaxed muscle positioning technique
in which the extent of recession was mainly determined by the position in which the muscle
tendon rests freely on the eyeball while in the primary position [25,26]. The technique
ensured our surgical expectations during combination surgery and alleviated both the
surgeon’s and patient’s burden.

The most alarming complication in the combination surgery is symblepharon from
soft tissue adhesion between different surgical planes, which may result in orbital adhesion
syndrome. We modified the surgical planes in one session by creating two surgical incisions
(one for strabismus surgery and another for orbital decompression) and performing one
procedure after closing the other surgical incision. With this method, we encountered only
one symblepharon case (1.9%) in the whole group. The symblepharon was relieved by a
simple cutting in OPD. There was no abnormality of extraocular movement noted after the
symblepharon was relieved.

There were two limitations in our study. First, the study was performed in a retro-
spective design and lacked a control group. Since staged TAO management is seen as a
traditional treatment with proven efficacy, the purpose of our study was to emphasize the
relative efficacy of a one-stage operation. We focused on comparing the characteristics
between the two subgroups to clarify the factors leading to success. Based on our study
results, a further prospective study should be performed to support the benefits of combina-
tion surgery. Second, there was only one surgeon involved in the study, and the procedures
in the combination surgery were mainly decided by the surgeon’s preference. To minimize
the bias of the surgeon’s preference in surgical choice, we followed the TAO management
protocol with modifications in the decompression and strabismus techniques. We believe
these modifications made our study more practical and reliable in real practice.
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5. Conclusions

In conclusion, our study shows similar outcomes to those of a previous study per-
formed by Seung Woo Choi [18], which yielded comparable outcomes with the staged
process. While there was still a limited number of patients included in our study and more
well-designed studies are needed to analyze the safety and effectiveness of the procedure,
we believe that with experienced surgeons and advanced techniques, combination surgery
can serve as an alternative treatment option to minimize the number of surgeries, medical
costs, and recovery period in selected patients.
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Abstract: (1) Background: hydrogel scleral buckles (HSB)-related complications can happen decades
after implantation, although this material has been retrieved for a long time. Due to its fragile
texture, ensuring the complete removal of this material and avoiding complications are challenging.
Incomplete removal, iatrogenic complication, recurrent retinal detachment, and infection could occur.
(2) Methods: chart review of patients who developed delayed HSB-related complications and received
removal of HSB in Taipei Veterans General Hospital from 2004 to 2021. The presenting symptoms,
prior diagnosis before referral, clinical findings, image features, surgical technique, operative findings,
and outcome were analyzed. Detailed surgical procedure and tips for removal were demonstrated in
the study. (3) Results: a total of eleven patients were identified. The presenting symptoms include
limitations to extraocular movement (ten eyes, 90.9%), ocular redness (eight eyes, 72.7%), ocular
fullness (eight eyes, 72.7%), pain (six eyes, 54.5%), and exposed ocular foreign body (five eyes,
45.5%). Of note, six patients (54.5%) have monocular glaucoma and four of them have intractable
high intraocular pressure. All patients underwent surgeries to smoothly remove swollen HSB via
transcutaneous or transconjunctival approach. Most symptoms improved after surgery and no cases
developed surgical-related complications. (4) Conclusions: although HSB have been off the market
for decades, delayed complications are still emerging. Clinicians should remain alert for potential
complications for patients with prior HSB surgeries. Early diagnosis and meticulous management
can help to safely remove the expanded HSB and reduce the associated complications.

Keywords: hydrogel scleral buckles; retinal detachment; glaucoma; anterior orbitotomy

1. Introduction

Hydrogel scleral buckles (HSB) were first introduced as an alternative to silicone
buckles for treatment of rhegmatogenous retinal detachment in the 1980s and are thought
to possess better softness and elasticity. Softness increase comfort and decreases the rate
of scleral erosion and protrusion. Elasticity and mild hydration of hydrogel in the tissue
could fill the dead space between the eyeball and the surrounding tissue. In addition, this
material in the past was thought to absorb and slowly release antibiotics, further preventing
bacterial growth [1]. Complications associated with this material have been reported due
to hydrophilic degradation, causing swelling, extrusion, intraocular intrusion, strabismus,
infection, bony erosion, and even globe loss [2–9]. It was gradually removed from the
market in the 1990s.

Many patients developed HSB-related complications decades after implantation. Some
of the cases were initially diagnosed with thyroid-associated orbitopathy, idiopathic orbital
fibrosis, orbital tumors, conjunctival cysts, or neurological disorders [4,6,10,11]. Removal
of this brittle material was challenging due to its fragile characteristics and the surrounding
adhesion to ocular tissue due to fibrosis. The perforation rate during surgery can be as
high as 18% [3]. For surgeons who were unfamiliar with this material, incomplete removal,
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recurrent retinal detachment (up to 29.4%), scleral rupture (up to 17.6%) and other surgical
associated complications can occur [3,6].

In this study, we investigated the various clinical manifestations of delayed complica-
tions of swollen HSB and shared our surgical techniques to avoid the severe complications
associated with manipulations.

2. Materials and Methods

We collected all patients with late HSB complications who underwent surgery for HSB
removal in Taipei Veterans General Hospital, a tertiary medical center, from 2004 to 2021.
Age, sex, time interval between HSB implantation and removal, presenting symptoms,
initial diagnosis, clinical findings, surgical technique, intraoperative findings, and outcome
were retrospectively reviewed.

Intraocular pressure (IOP) change was defined as the change in IOP before surgery
and one month after surgery. The reason we chose IOP one month postoperatively for
comparison is that post-operative tissue edema usually subsides at this time. IOP reduction
was defined as a >20% IOP decrease compared to pre-operative IOP.

Location of HSB was categorized into groups according to the relative location to the
globe equator in orbit-computed tomography (CT): anterior-located and posterior-located
HSB. Anterior-located HSB were defined as more than 50% of HSB coverage anterior to the
globe equator in sagittal cut, while the others were defined as posterior-located HSB.

SPSS statistical software version 22.0 (IBM corp., Armonk, NY, USA) was used for
data management and statistical analysis. Categorical and paired continuous data were
compared using the Fisher’s exact test and Wilcoxon Signed ranks test, respectively.

3. Results

In total, we collected eleven cases; Table 1 summarizes the clinical data. One patient
had bulbar atrophy before the diagnosis of swollen HSB (Figure 1). Table 2 shows the
presenting symptoms of the patients. The symptoms included limitation of extraocular
movement (ten eyes, 90.9%), ocular redness (eight eyes, 72.7%), ocular fullness (eight eyes,
72.7%), pain (six eyes, 54.5%), and exposed ocular foreign body (five eyes, 45.5%). Six pa-
tients (54.5%) received a correct diagnosis when referred to the medical center. Initial
diagnoses other than swollen HSB included eyeball rupture (one eye, 9.1%), and orbital
tumor (four eyes, 36.4%). Six patients (54.5%) had glaucoma in the diseased eyes and
were treated with at least one combined form or two antiglaucoma medications before
orbital HSB swelling was found. Four patients (66.7%) were male, but there was no sig-
nificance of sex and glaucoma correlation according to Chi-Square analysis (p = 0.652).
In the six patients with glaucoma, four cases had inadequate IOP control and one case
received minimally invasive glaucoma surgery due to uncontrolled IOP one year before
HSB removal. New onset of limitations of extraocular movement prompted the doctors to
survey for orbital lesions. The typical CT image finding of HSB is a circumferential and
homogenous mass around the globe. As this material usually swells when it absorbs water
and forms a pseudocapsule around itself, CT images show an isointense signal with a
vitreous and non-infiltrative lesion that deforms the eyeball. A scattered, and hyperintense
signal, which corresponds to calcific change, can also be found around the swollen HSB
(Figure 2). In MRI study, the HSB usually show hypointensity in T1-weighted images
and hyperintensity in T2-weighted images, as these materials absorb water (Figure 3).
According to the location of HSB in orbital CT, we categorized the HSB coverage into two
groups: anterior-located (Figure 4) and posterior-located HSB (Figure 5). In the six patients
with glaucoma, four (66.7%) showed posterior-located HSB. However, Fisher’s exact test of
the relationship between the posterior-located HSB and glaucoma diagnosis did not reach
clinical significance (p = 0.061).
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Table 1. Patient characteristics.

Characteristics Total
n = 11

Mean age, years (range) 51 (43–82)
Male, n (%) 7 (63.6)
Mean interval between SB implant and explant,
years (range) 20.45 (14–30)

Correct initial diagnosis, n (%) 6 (54.5)
Glaucoma, n (%) 6 (54.5)
Location of SB relative to equator in CT image, n (%)
Posterior-located 4 (36.4)
Anterior-located 7 (63.6)
Coverage of SB, n (%)

180 degrees 8 (72.7)
120 degrees 2 (18.2)
90 degrees 1 (9.1)

CT: computed tomography, SB: scleral buckles.
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Figure 1. (A) A case of bulbar atrophy after retinal detachment repair with hydrogel scleral buckles. 
The picture of the left eye showed protrusion of a yellowish, jelly-like material from the orbit, with 
compression of the eyeball to the medial orbit. (B) A yellowish and soft hydrogel scleral buckle 
dropped from the patient’s eye. (C) After the foreign body fell out, a hole was left in the su-
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buckles were noted. 
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(right) images. 

Figure 1. (A) A case of bulbar atrophy after retinal detachment repair with hydrogel scleral buckles.
The picture of the left eye showed protrusion of a yellowish, jelly-like material from the orbit,
with compression of the eyeball to the medial orbit. (B) A yellowish and soft hydrogel scleral
buckle dropped from the patient’s eye. (C) After the foreign body fell out, a hole was left in the
superotemporal orbit. The atrophic eyeball was seen, and the surrounding residual hydrogel scleral
buckles were noted.
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Table 2. Symptoms before and after hydrogel scleral buckles removal.

Symptoms Before SB Removal After SB Removal

Pain, n (%) 6 (54.5) 1 (9.1)
Redness, n (%) 8 (72.7) 1 (9.1)
Swelling sensation, n (%) 8 (72.7) 1 (9.1)
EOM limitation, n (%) 10 (90.9) 2 (18.2)
Exposed foreign body, n (%) 5 (45.5) 0 (0.0)

EOM: extraocular movement, SB: scleral buckles.
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All cases’ HSB were finally removed through one external conjunctival wound if the
HSB could be easily approached anteriorly, or through one skin wound if the HSB were
posteriorly located. Table 3 summarized the surgical approach of the study cases. Lateral
canthotomy was suggested to better expose the surgical field. This jelly-like hydrogel was
fragile and can easily be broken into pieces in an attempt to remove it. We used blunt
instruments such as muscle hooks or a Desmarres lid retractor to scoop out rather than
grab the swelling buckles (Figure 6A,B). A pseudocapsule was usually found during the
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dissection of orbital space (Figure 6C). Surgeons preferred not to dissect further, as removal
of the HSB inside the pseudocapsule was adequate.

Table 3. Surgical approach.

Surgical Approach Total
n = 11

Operation under general anesthesia, n (%) 10 (90.9)
Operation under retrobulbar anesthesia, n (%) 1 (9.1)
Transconjunctival approach, n (%) 9 (81.8)
Transcutaneous approach, n (%) 2 (18.2)
Evisceration, n (%) 1 (9.1)
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found enclosing the hydrogel scleral buckles.

At the end of surgery, irrigation of the empty space with antibiotics and steroids was
performed to prevent infection and decrease inflammation, respectively. The HSB were
safely removed in all patients. Evisceration was performed in addition to HSB removal in
one case due to severe orbital cellulitis. In the surgical field, no implants were found other
than HSB. No intraoperative scleral rupture was noted. There was no endophthalmitis,
recurrence of retinal detachment, delayed bleeding or associated complications found in
the follow-up period after surgery.

After removal of the HSB, ocular symptoms improved in most cases (Table 2). How-
ever, a small residual degree of eye movement limitation was found in two cases. No
patients received further strabismus surgery. In the six glaucoma patients, four of them
showed IOP improvement one month after HSB removal. There was no change of antiglau-
coma medication during this period. However, there was no statistical significance of IOP
change before and after HSB removal in the ten cases using Wilcoxon signed ranks test
(p = 0.189, Table 4).

Table 4. Intraocular pressure before and one month after HSB removal surgery.

Case Number (Medication) IOP before Surgery (mmHg) IOP after Surgery (mmHg)

1 Not applicable due to bulbar atrophy before surgery
2 (G-alphagan, IZBA,
carteolol) 27 27

3 (G-cosopt, xalatan) 19 15
4 (G-cosopt) 28 21
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Table 4. Cont.

Case Number (Medication) IOP before Surgery (mmHg) IOP after Surgery (mmHg)

5 (G-lumigan, timolol,
trusopt) 35 34

6 (G-duotrav) 8 6
7 15 15
8 14 15
9 13 14
10 12 14
11 (G-alphagan, cosopt, IZBA) 34 19

G: glaucoma case.

4. Discussion

HSB absorb tissue fluids and progressively expand over the decades. The swelling of
hydrogel itself has a mass effect on the orbital area, causing compression of the globe. HSB
can cause inflammation and fibrosis of the surrounding tissue, and a pseudocapsule usually
forms to enclose the hydrogel. If the material distends to a greater extent, it can intrude into
the sclera or conjunctiva, or extrude from the orbit [2,4,10]. Delayed HSB complications
associated with implant swelling and protrusion are usually found from 54 to 284 months
after surgery [3]. The indications to remove the implant include pain, ocular discomfort,
ocular inflammation, cosmetic concerns and diplopia [3,6]. In our patient group, the most
common symptom was limitations of extraocular movement. The most severe complication
of HSB in our study was the marked extension of hydrogel within the orbit, leading to
compression, extrusion, and orbital cellulitis in one case. Ocular redness was thought to be
caused by an immune reaction to the exposed foreign body. Strabismus was possibly due
to myotoxicity, adhesion and scarring [12]. Strabismus can develop after all kinds of scleral
buckle implants in around 5–25% of patients in the long term [12,13]. However, HSB-related
strabismus has been reported in up to 29% of patients in the previous literature, probably
due to its evident mass effect, displacing the ocular content and muscles [3]. As expanded
HSB can cause a distinct bulky effect and more severe ocular motility disturbance, the
removal of expanded HSB is helpful in reducing the extent of diplopia and the following
strabismus surgery.

Incorrect initial diagnosis can lead to incomplete removal and increase iatrogenic
complications for unprepared surgeons [4,10]. In our study, four patients (36.4%) were
initially diagnosed as having an orbital tumor when they were referred to us. Surgeons
who were not familiar with HSB removal may not be able to remove this fragile material
safely. The rate of unexpected perforation during surgery ranges from 5.3% to 17.6% [3,6,7].
A comprehensive exam of the retina and supplemental retinal laser may be needed before
the operation. Recurrent retinal detachment can occur in from 5.3% to 29.4% of patients
after HSB removal [3,6,7]. Endophthalmitis, corneal edema, glaucoma, and scleral necrosis
were also reported as complications of removal surgery [6,7].

A proper surgical approach is essential to extract the brittle hydrogel smoothly and
avoid disturbing ocular structures. Although the previous literature mentions extensive
peritomy, a cryo-assisted approach [14], suction traction [15], or the use of boric acid [16],
we use a relatively simple means of removing HSB. An extensive peritomy can result in
scleral perforation when dissecting the periocular tissue. Further adhesion and scarring of
tissue could ensue. Compression of the globe during manipulation may cause recurrent
retinal detachment while the HSB are removed. In contrast, we make a relatively small
wound around the skin or fornix and lateral canthotomy to better expose the surgical field.
This external approach near the orbital ring can further make a tunnel to the target implant.
Usually, the implant is enclosed by a pseudocapsule. The jelly-like material can be extracted
with blunt instruments such as a Desmarres lid retractor or muscle hook through the tunnel
(Figure 6). At the end of surgery, irrigating the space with steroids and antibiotics may
decrease the degree of inflammation and rate of infection.
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It is worth mentioning that none of the previous studies mentioned glaucoma status
or refractory IOP before removal of the implant. In our study, six patients had glaucoma,
and four of them had inadequate IOP control. There are two possible explanations for this.
First, these patients had a longer interval between HSB implantation surgery and removal,
ranging from 26 to 30 years. Previous large-population studies documented the interval
between implantation and removal from 8 to 23 years [3,6,17]. With an extended period in
our study, pathological changes in periorbital tissue such as fibrotic change, impaired ocular
circulation and ocular compression, can play a role in glaucomatous development. Another
explanation is that the relative location and degrees of HSB coverage may influence the
development of glaucoma. Four out of the six cases with glaucoma in our study showed
HSB coverage posterior to the equator. Compared to the anterior location, posteriorly
located HSB cannot release the swelling pressure through protrusion of the orbital exit.
Previous studies documented the degrees of HSB coverage but not the relative location
to the equator. Roldán-Pallarés et al. followed up 415 cases with hydrogel implantation
for up to seven years [17]. More than half of the patients received HSB coverage over
180 degrees, and 45% of the patients had 360-degree encircling HSB coverage. None of
these patients reported elevated IOP or glaucoma status, but unspecified orbital fullness
was noted in only six cases. These may imply that the relative location compared to the
globe equator, not the range of HSB coverage, may be the key factor that influences IOP.
The relationship between IOP elevation and the location of swelling HSB must be proven
through further studies.

5. Conclusions

Although HSB had not been used for more than 30 years, delayed complications
associated with this material still emerged in recent years. Patients could present with
various clinical manifestations. A detailed history, examination, and image findings are
the keys to correct diagnosis and proper removal of the implant. In our study, an external
approach was proved to be a safe way to remove HSB. Blunt instruments are suggested to
prevent inadvertent perforation. Early diagnosis and meticulous management are essential
to avoid severe sequelae in these patients.
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