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Preface

Ophthalmology is continuously evolving, with new imaging techniques, diagnostic
tools and therapeutic options. The reader will find in this book a combination of
review chapters from international experts and original research chapters, including
recent innovations in ophthalmology.

The chapters in Section 1 are written by authors working on the ground with direct
experience with diagnostic and therapeutic challenges. They discuss infectious
diseases associated with ophthalmic surgery and diseases from developing countries
that are often forgotten.

Section 2 discusses uveitis and immune-mediated diseases, a challenging and constantly
growing area with new diagnostic and therapeutic options.

Section 3 reviews biomaterials for corneal regeneration, elucidating recent advances
in this rapidly growing and important field.

Finally, Section 4 looks at fascinating advances in retinal imaging, such as optic
coherence tomography angiography, which are changing our clinical practice and
understanding of retinal diseases.

Our special thanks go to Prof. Ejaz Ansari and Prof. May Griffith for their scientific
contributions, and to Marica Novakovic for her excellent work during the preparation
of this book.

Salvatore Di Lauro MD, FEBO
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Chapter1

Infectious Endophthalmitis:
Ongoing Challenges and New
Prospectives

Mohamed Al-Abvi, Ahmed Al-Hinai and Nawal Al-Fadhil

Abstract

Endophthalmitis is a rare but potentially sight and organ-threatening ocular
emergency characterized by marked intraocular inflammation. It can be categorized
into two broad categories of exogenous and endogenous types. Exogenous endo-
phthalmitis is caused by inoculation of the globe by either bacterial or fungal
microorganisms from an external environment and most commonly occurs as a
complication of intraocular surgeries or procedures and open globe injuries. Blurred
vision and pain are the main symptoms, and gram-positive coagulase-negative
organisms are the main etiology of exogenous endophthalmitis. Endogenous endo-
phthalmitis is caused by the hematogenous spread of microorganisms from distant
sites of the body into the globe. Both categories lead to subsequent intraocular
inflammation and potentially severe visual and anatomical devastating conse-
quences. In addition, they have different risk factors and causative microorganisms,
and thus, require somehow different diagnostic and treatment approaches. In this
review chapter, further review of infectious endophthalmitis in terms of risk factors,
causative pathogens, clinical presentations, prognosis, prevention, and the latest
therapeutic recommendations are discussed.

Keywords: endophthalmitis, exogenous, endogenous, causes, treatment, prognosis

1. Introduction

Endophthalmitis in general is classified into infectious and non-infectious cat-
egories. Furthermore, infectious endophthalmitis is subclassified into exogenous and
endogenous (Box 1) [1-5].

Although the term endophthalmitis refers to an infectious or non-infectious
inflammation, its use often refers to an infectious origin. Exogenous endophthalmitis
is caused by inoculation of the eye by either bacterial or fungal microorganisms from
an external environment and most commonly occurs as a complication of ocular sur-
gery, traumatic open globe injuries, or intravitreal injections [2]. Acute postoperative
endophthalmitis occurs within 6 weeks of the intraocular surgery or procedure [3].

The incidence of endophthalmitis after various intraocular procedures is low, and
it is illustrated in Table 1 [6-15].
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Endophthalmitis
Infectious

oExogenous
* Postoperative
* Acute
¢ Delayed onset
« Filtering bleb-associated
* Post-intraocular Injections
* Traumatic
oEndogenous
Non-infectious
oToxic Anterior Segment Syndrome (TASS)
OLens-induced

0Others

Box1.
Classification of Endophthalmitis.

Procedure

Incidence of endophthalmitis

Cataract extraction

0.053% to 0.145%

Pars Plana Vitrectomy

0.03% to 0.05%

Glaucoma filtering surgery

0.06% to 1.32%

Penetrating Keratoplasty

0.11% to 0.16%

Intravitreal injections

0.04% to 0.08%

Table 1.

Different intraocular procedures and incidence of endophthalmitis.

Pathogen Percentage (%) Pathogen Percentage (%)

Gram-positive bacteria 75-85% Gram-negative bacteria 10-15%

Staphylococcus epidermidis 43% Pseudomonas 8%

Staphylococcus spp. 57% Proteus 5%

Staphylococcus auveus 15% Hemophilus influenzae Less than 1%

(higher in late-onset

bleb-associated)

Propionibacterium acnes Rare Klebsiella Less than 1%

Bacillus ceveus 1% Coliform spp. Less than 1%

Fungi Rare

Candida parapsilosis

Aspergillus

Cephalosporium spp.

Table 2.

Microovganisms causing infectious endophthalmitis.
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Causative microorganisms of infectious endophthalmitis in general are listed and
summarized in Table 2 [15]. Intraocular inflammation caused by viruses, protozoa, or
helminths is usually named uveitis.

2. Acute postoperative infectious endophthalmitis

The onset of acute postoperative infectious endophthalmitis (APIE) onset is
within 6 weeks from the intraocular procedure [3]. It has a typical presentation of
severe ocular pain and reduction in vision. In addition; eyelid edema is observed in
around one-third of the patients. The conjunctiva is congested and corneal edema
is commonly present. Intraocular inflammatory signs (cells, fibrin, and hypopyon)
are the main findings and these involve both anterior chamber (AC) and the vitreous
cavity. The red reflex is usually absent in the affected eye. Hypopyon and fibrinous
reaction in the AC are typical features of APIE. B-scan ultrasound, usually, reveals
vitreous hyperechoic opacities due to vitritis (Figure 1).

The APIE can be also subclassified into early (within 7 days after surgery) or late
(8 days to 6 weeks after surgery) [16]. The early type is usually caused by gram-neg-
ative bacteria and usually has worse visual acuity at presentation and carries a poor
visual prognosis. However, the late type is usually caused by gram-positive bacteria
(frequently coagulase-negative staphylococci) and the presenting visual acuity is
usually better than the early type with better visual prognosis.

Early diagnosis and prompt intervention of APIE are crucial. The guidelines
from Endophthalmitis Vitrectomy Study (EVS) are usually adopted to treat patients
with APIE based on the visual acuity on presentation. If the affected eye has a visual
acuity of hand motion or better than a tapping-injection procedure is recommended.
Pars plana vitrectomy with vitreous specimen collection and intravitreal injection of
antibiotics, is recommended for an eye with visual acuity of light perception or worse.
According to EVS, tapping of the vitreous yields more positive microbial results than
taping from the anterior chamber. Intravitreal injection of antibiotics should cover
both gram-positive and gram-negative bacteria. The most common intravitreal anti-
biotics being used are vancomycin (1 gm/0.1 ml) and ceftazidime (2.25 mg/0.1 ml).

Figure 1.

Acute postoperative (phaco +PCIOL) endophthalmitis secondary to Servatia marcescens. Anterior segment photo
of the right eye shows diffuse lid edema, diffuse and severe conjunctival chemosis, diffuse corneal cloudiness,
organized hypopyon, iris details not visualized (1a) and B-scan shows diffuse vitreous hyperechoic opacities and
attached retina (1b).
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Amikacin (0.4 mg/0.1 ml) can be used as an alternative for ceftazidime. The visual
prognosis for an eye with APIE is promising after early and appropriate intervention.
After 9-12 months of follow-up of treated eyes; 53% of eyes had visual acuity of 6/12
or better and only 11% had worse than 6/240 [3].

3. Delayed-onset postoperative infectious endophthalmitis

Delayed-onset postoperative infectious endophthalmitis occurs beyond 6 weeks
after the intraocular procedure [3]. It is a synonym that is usually used to describe
chronic postoperative endophthalmitis (CPE) [17]. This type of endophthalmitis has
a diagnostic and therapeutic dilemma and requires a high index of suspension because
other causes may mimic its presentation. Hence, patients with CPE are frequently
treated with corticosteroids due to the masquerading presentation of autoimmune
intraocular inflammation. CPE was first described in the 1980s and the microorgan-
isms that are responsible for CPE are somewhat different from that of APIE. They are
usually low virulent and indolent. Specific groups of bacteria and fungi are consid-
ered to be causative pathogens for CPE (Table 3) [17-21].

It was observed that CPE has a lower incidence rate than APIE. Its incidence is
around 0.017% after cataract surgery [20]. Some studies reported a ratio of acute to
chronic postoperative endophthalmitis between 5:1 and 2:1 [17].

Propionibacterium acne, which is a gram-positive, non-spore-forming anaerobic
bacillus bacteria, and found usually in skin and hair follicles; is considered to be the
most common causative pathogen for CPE. Around two-thirds of the CPE, cases are
found to have Propionibacterium acne [21].

The clinical features of CPE are less aggressive than that of APIE. It occurs 6 weeks
to months after the intraocular procedure. Usually, the affected eye shows a persistent
or recurrent low-grade indolent inflammation [22, 23]. The inflammation is often
granulomatous with large keratic precipitates. The ocular pain is usually not severe,
but reduced vision is common in almost all patients. Hypopyon is not a frequent

Bacteria Fungi
Propionibacterium acnes Aspergillus species
Staphylococcus species Candida species
Corynebacterium Curvularia lunata
Nocardia Fonsecaea pedrosoi
Cephalosporium and Acremonium Paecilomyces species
Paecilomyces Acremonium strictum

Ochrobactrum anthyopic

Hafnia alvei

Sphingomona spaucimobilis

Mycobacterium chlonae

Pseudomonas stutzeri

Achromobacter

Table 3.
Microorganisms that ave associated with CPE.
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Figure 2.

Delayed-onset endophthalmitis due to P. acne. Anterior segment photo shows clear cornea and plaques on the
posterior capsule (2a) and intraoperatively photos show moderately inflamed vitreous (2b ¢ 2c) (Courtesy of Dr.
Hemant Trehan).

finding, but microhypopyon may present. Other associated clinical features include
conjunctival congestion and photophobia. An important feature in CPE is the pres-
ence of white plaques in the capsule. These plaques are associated with a different
variety of microorganisms that causes CPE and not only P. acne (Figure 2) [20].

Management of CPE is somewhat challenging due to the ambiguous presenta-
tion. Many patients with CPE are treated initially with steroids and which may result
in a partial response. However; the indolent inflammation persists and recurs after
tapering down or discontinuation of the steroids. Furthermore, patients with fungal
etiology might get worsening signs if steroid treatment is commenced. There is no
standard treatment protocol known for CPE like the one which is known for APIE
(i.e., EVS recommendations). However, in real-life practice, treatment may include
intravitreal injection of antibiotics alone as an initial treatment or with pars plana
vitrectomy (PPV) along with partial or total capsulotomy and removal or exchange
of the intraocular lens (IOL) is performed [17]. In addition, sending the IOL with
the capsule to a microbiology lab is recommended in the management plan of CPE.
The use of empiric intravitreal antibiotics is recommended when treating chronic
endophthalmitis. Patients with highly suspected or culture-proven fungal endo-
phthalmitis to be monitored and treated with anti-fungal therapy, such as intraocular
amphotericin (5-10 pg in 0.1 ml).

The outcome after treating CPE depends on the causative pathogen. In general,
visual acuity of 20/40 or better can be achieved in 29-50% after treatment. Eyes with
CPE caused by P. acne or other gram-positive bacteria has a better outcome [17].
However, CPE caused by fungus carries poor visual outcome [20].
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4. Bleb-associated postoperative infectious endophthalmitis

Endophthalmitis is a sight-threatening rare complication of glaucoma surgery.
Mostly delayed in onset. The rates of endophthalmitis associated with glaucoma filter-
ing surgeries vary with surgical technique and use of antimetabolite agents. A study
based on 5-year, retrospective data showed a 0.55% risk of blebitis and 0.45-1.3% risk
of endophthalmitis after glaucoma filtering surgery [21]. The tube versus trabeculec-
tomy study (TVT) reported endophthalmitis developed in 1 of 107 in the tube group
and 5 of 105 in the trabeculectomy group over five years [22].

Early bleb-associated postoperative endophthalmitis is rare with a reported inci-
dence of 0.1% [22]. Majority of bleb-associated postoperative endophthalmitis occurs
months to years after the original procedure.

There are multiple reported risk factors under this entity. Among these are; cystic
bleb, which may create direct access of pathogens to the eye either by the high perme-
ability of the cystic wall or by the relatively frequent coexistence of a conjunctival
leak [23]. Use of antimetabolites, such as mitomycin C and 5-fluorouracil, changes the
thickness, cellularity, and vascularity of the overlying conjunctiva, which increases
the risk of developing endophthalmitis. Furthermore, the use of these agents weak-
ens the barrier against the migration of bacteria across the bleb wall. Patients with
recurrent or persistent bleb leak are more at risk of developing endophthalmitis
[24]. Hence, screening for bleb leakage following each visit is recommended among
patients with trabeculectomy surgery. Finally, an inferiorly located bleb is more likely
to lead to endophthalmitis than a superiorly located one probably due more to expo-
sure of the bleb to the bacteria-rich tear film [23].

Patients with bleb-associated postoperative endophthalmitis may present with
a drop in vision, redness, and eye discharges. It is often preceded by the accelerated
prodromal syndrome of brow ache, ocular pain, and headache, which progress rapidly
over a short period of few hours [3].

Clinically, the visual acuity is significantly reduced and anterior segment evalu-
ation may reveal discoloration or mucopurulent discharge within the bleb described
as a “white on red” appearance against conjunctival erythema. The anterior chamber
may show the cellular reaction of cells, flare, and/or hypopyon. Seidel test may
identify early bleb leak. Posterior segment evaluation may show vitreous cells and
filaments, however, if dense vitritis, fundus view might be obscured, and hence, the
B-scan ultrasonography is indicated to confirm vitreous involvement and rule out
complications, such as retinal detachment.

True bleb-associated postoperative endophthalmitis must be differentiated from
blebitis. In blebitis, there is a chalky white bleb surrounded by conjunctival injection
and might be associated with a bleb leak and mild anterior chamber cellular reaction
without significant vitritis. The diagnosis is based on a clinical exam and confirmed
by standard adequate vitreous or aqueous sample for culture and sensitivity.

The array of organisms associated with bleb-related endophthalmitis differs from
those associated with cataract surgery. Bleb-related endophthalmitis is mostly pre-
ceded by bleb infection, therefore, clinicians must be more aggressive in the treatment
of blebitis. This includes oral and hourly topical fourth-generation antibiotics and
daily monitoring for signs of progression, which includes assessment of the bleb,
anterior chamber, and anterior vitreous face until a positive response to therapy is
observed [25].

Intravitreal antibiotics, the combination of vancomycin (for gram-positive coverage)
and ceftazidime (for gram-negative coverage) commonly administered during vitreous
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tap & inject. Intravitreal amphotericin B and voriconazole are considered if a fungal
infection is suspected and/or confirmed. The use of corticosteroids is controversial since
their effect on the visual outcome is not yet known [26].

Following the endophthalmitis vitrectomy study (EVS) guidelines; patients pre-
sented with hand motion or better vision may be treated with tap and inject; on the
other hand, patients with light perception or worse should be considered for immedi-
ate pars plana vitrectomy (PPV) and intravitreal antibiotics. However; the population
EVS study did not include patients with post-glaucoma surgery endophthalmitis.
Therefore, it might be fair to consider early vitrectomy in patients with more virulent
organisms, and it has been shown that vitrectomy in such cases may produce more
favorable outcomes [24, 26].

Although bleb-associated endophthalmitis carries a poor visual prognosis; early
recognition and treatment are necessary for optimizing the outcome of filtering
surgery. Therefore, it is important to inspect the bleb or tube at each visit for any
evidence of leak or erosion and if endophthalmitis is suspected, immediate aggressive
and appropriate treatment is initiated.

5. Endophthalmitis Post Pars Plana Vitrectomy (PPV)

Endophthalmitis post-PPV is relatively rare. The incidence has decreased from 0.3-
0.14% to 0.0180.076% with improvement in VR instrumentations and techniques [27].

There are several reported predisposing factors under this entity; insufficient
wound closure, hypotony from a sclerotomy leak, and vitreous incarceration at a
sclerotomy site, are some risk factors as it allows migration of microorganisms into
the vitreous cavity from the ocular surface [28-30].

Patients may present with symptoms and signs similar to endophthalmitis follow-
ing cataract surgery in particular hypopyon and dense vitritis (Figure 3).

Vitreous samples should be obtained if endophthalmitis is suspected. A combina-
tion of broad-spectrum intravitreal antibiotics is injected intravitreally.

Multiple studies have reported several bacteria under such entity which include
coagulase-negative staphylococci, Pseudomonas species, Propionibacterium, entero-
cocci, and Bacillus species. However, coagulase-negative staphylococci are the most
common organism [31].

Figure 3.
Intraoperative photos of post PPV endophthalmitis. Intraoperatively photos showing dense vitritis suggestive of
aggressive inflammation (3a) and clear vitreous after silicone oil removal (3b). (Courtesy of Dv. Hemant Trehan).

9



Eye Diseases - Recent Advances, New Perspectives and Therapeutic Options

EVS did not enroll patients with post-PPV endophthalmitis, therefore, the results
do not directly apply to the management of such entity. Nevertheless, certain prin-
ciples apply.

On average, about 70% of all samples across studies have shown positive microbi-
ology cultures. In a large multicenter study, Cohen et al. reported16 culture-positive
cases out of 18 cases (89%) of endophthalmitis post-vitrectomy [32].

Despite treatment, the visual outcome varies. As described by Park et al., a signifi-
cant proportion of cases have poor visual outcomes, with vision ranging from 20/200
to no light perception [33]. However, some cases achieved 20/40 vision [34, 35].

6. Endophthalmitis post-intravitreal injections

The use of intravitreal agents (e.g., Anti-VEGF and steroids ) to treat various
retinal diseases has increased significantly since the 1990s.

The incidence rate of infectious endophthalmitis after intravitreal injection is low
when compared to other post-surgical infectious endophthalmitis, it varies between
0.038% and 0.053% [36].

The most commonly causative pathogens are Streptococcus or Staphylococcus
species suggesting the commensal flora of the ocular adnexa and oropharynx as the
source. Published reports confirmed that Streptococcus is significantly more frequent
after intravitreal injection than after other intraocular surgeries [37, 38].

The use of post-injection antibiotics does not decrease the frequency of subse-
quent endophthalmitis; however, it may possibly cause drug-resistant bacteria in the
nasopharynx [39].

Post-intravitreal infectious endophthalmitis should be differentiated from sterile
endophthalmitis, a well-recognized condition that can occur after intravitreal injec-
tions. In the latter patients present with painless reduction in vision, no or minimum
redness, anterior chamber cells, fibrin, and/or hypopyon. In the MARINA trial, there
was a 1% rate of serious inflammation in patients who received intravitreal injection
with ranibizumab [40].

In contrary, the presentation post-intravitreal infectious endophthalmitis is more
aggressive similar to the presentation seen after other intraocular procedures; this
may include significant painful loss of vision, marked anterior chamber cells, fibrin-
ous reaction, hypopyon, and/or vitritis [41].

The outcome is variable. In a large series of post-intravitreal infectious endo-
phthalmitis; most of the eyes that developed (15 of 23) returned to baseline vision
within 3 months after treatment and there was no significant difference in the rate of
endophthalmitis between the types of anti-VEGF injected [42].

7. Endophthalmitis post-penetrating keratoplasty

Endophthalmitis following penetrating keratoplasty (PK) occurs at a slightly
higher rate compared to other intraocular procedures. The incidence ranges from
0.2% to 0.4% [43, 44].

Risk factors include; large circumferential incision, wound dehiscence, suture
abscess, and contaminated donor tissue [44]. In addition, chronic use of topical
steroids which are known to decrease immune defense may increase the risk of
endophthalmitis.
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Symptoms are similar to other types of postoperative endophthalmitis. The
causative agents are predominantly gram-positive bacteria (Streptococcus and
Staphylococcus). On the other hand, gram-negative bacteria account for nearly 20%
of cases.

The outcomes can be devastating with severe visual loss in 50% of cases and often
arequirement of repeat keratoplasty [45].

Overall, the frequency of endophthalmitis in modern corneal transplant surgery is
expected to decrease significantly with the advancement in lamellar keratoplasty. In a
study conducted by Heinzelmann et al., it was apparent that the outcome of lamellar
endothelial keratoplasty and Descemet membrane endothelial keratoplasty is superior
to PK without serious complications, such as exogenous endophthalmitis [46].

8. Post-traumatic infectious endophthalmitis

Post-traumatic endophthalmitis is an uncommon yet devastating complication of
open globe injuries. It has a poorer outcome compared to postoperative endophthal-
mitis due to concomitant ocular tissue damage, presence of more virulent pathogens,
and possibly due delay in diagnosis and treatment.

The reported incidence of infectious endophthalmitis following open globe inju-
ries ranges from 3.1% to 11.9% of open globe injuries in the absence of an intraocular
foreign body (IOFB) [47-52]. The incidence increases from 3.8% to 48.1%, in the pres-
ence of an IOFB, with higher infection rates with retained IOFBs contaminated with
organic matter from a rural setting [53-57].

The following factors are associated with an increased risk of post-traumatic
endophthalmitis: intraocular foreign bodies (IOFB) [58-62], violation of the lens
capsule [58, 60-62], contamination of the wound [59, 61] and delayed primary repair
[58, 61, 63]. Interestingly, the existence of hyphema or iris prolapse was associated
with lower rates of endophthalmitis [64].

Recognizing symptoms of post-traumatic endophthalmitis might be challenging
due to the presence of injury-induced inflammation and the disruption of ocular
structures [65]. Pain and decreased visual acuity often occur with ocular injury with
or without infection. Presence of worsening symptoms of photophobia, tearing and
pain are suggestive of infectious endophthalmitis. Pain from ocular injury can be
distinguished from that of endophthalmitis if it is progressive and out of proportion
to the degree of injury [66-70]. Inflammatory signs are almost similar to other types
of endophthalmitis (i.e., eyelid edema, chemosis, corneal edema, hypopyon, variable
degree of vitritis, etc.), however, purulent discharge from the site of injury is a feature
of post-traumatic endophthalmitis. Inflammation that progresses slowly following
primary repair may be indicative of fungal endophthalmitis [67, 69].

The broad spectrum of pathogens causing post-traumatic endophthalmitis, with
gram-positive cocci the most frequently identified causative organism, followed by
Bacillus species, fungi, and mixed infections. In a large cohort of post-traumatic
endophthalmitis cases, Long et al. have reported that 38.1% of cases of post-traumatic
endophthalmitis were culture-positive, and 3.2% showed mixed infections (gram-
negative bacilli and fungi). Culture proven pathogens included gram-positive cocci
(41.9%), gram-negative bacilli (29.1%), gram-positive bacilli (12.3%), and fungi
(16.8%). In the same reported series, the coagulase-negative staphylococcal (CNS)
species S. epidermidis (21.8%) and S. saprophyticus (12.0%) were the predominant
pathogens, followed by Bacillus subtilis (8.7%), Pseudomonas aeruginosa (7.8%),
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Figure 4.

Post-traumatic endophthalmitis with IOFB. Intraoperatively photos showing densely infiltrated vitreous suggest
aggressive organism (4a) and large IOFB being removed with suture snare (yellow arrow) (4b). (Courtesy of Dr.
Hemant Trehan).

and Escherichia coli (6.4%). Delayed repair over 24 hours and metallic injury were
significantly associated with a positive culture of CNS. The most frequent fungal
species were Aspergillus (33% ), followed by yeast-like fungi (30% ) [51]. In another
cohort of post-traumatic endophthalmitis; Clostridium perfringens were isolated in
16.6% of culture-positive cases [71].

To reduce the risk of post-traumatic endophthalmitis, it is widely accepted com-
mon practice to immediate initiation of empirical prophylactic systemic antibiotics
(either intravenous or oral administration) at initial presentation for all open globe
injuries and an injection of intravitreal antibiotics at the time of primary repair for
high-risk patients [72-75].

In a meta-analysis report, it has been noted that the incidence of endophthalmitis post
open globe injuries has reduced significantly when intravitreal/intracameral antibiotics
were used intraoperatively without additional benefit on the final visual outcome [76].

The threshold for vitrectomy in cases of post-traumatic endophthalmitis is low.
Vitrectomy should be performed if there is no response to intravitreal antibiotics
within 24 hours or if associated with complications like retinal detachment or intra-
ocular foreign body (Figure 4).

In general, the visual prognosis of post-traumatic endophthalmitis is worse than
that of post-operative endophthalmitis [77, 78]. The virulence of the microorganisms
in post-traumatic endophthalmitis, for example, Bacillus cereus carries a very high
risk of progressing to a final visual acuity of NLP [79]. A delay in diagnosis and initia-
tion of appropriate therapy is an important risk factor that contributes to poor visual
prognosis. Moreover, the presence of an afferent pupillary defect, perforating injury,
expelled lens, corneoscleral wound (vs corneal wound), and retinal detachment at the
time of ocular injury is associated with a poor visual prognosis even in the absence of
endophthalmitis [80].

9. Endogenous endophthalmitis

Endogenous endophthalmitis (EE), also called metastatic endophthalmitis, occurs
as aresult of the hematogenous spread of microorganisms from the body to the eye.
The microorganism primarily spreads through the posterior segment vessels. The right
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eye is more commonly affected due to dominant and direct blood flow from the right
carotid artery, however, approximately 25% of cases have a bilateral presentation [81].

The reported incidence of EE is 2 to 8% [82, 83]. However, it has been reported
that the causative pathogens have geographical variations. They can be fungal or
bacterial, with fungal pathogens being the commonest [82]. According to reported
cases from Asia, fungal EE accounts for nearly 11.1 to 17.54% of total cases [84]. In
bacterial EE, gram-positive streptococcus and staphylococcus are the most common
pathogens. Gram-negative bacterial EE, however, is more common in Asian countries
[85]. Among fungal species, Candida albicans account for many cases being the most
common yeast, and among the molds, Aspergillus flavus is the commonest [86].

The risk factors for EE are primarily systemic conditions or medications which
reduce immunity. Among these are diabetes mellitus, malignancies, asplenia, cardiac
or renal transplant, and severe infections (e.g., pneumonia, urinary tract infection,
vertebral osteomyelitis, liver abscess, and acquired immune deficiency syndrome),
chronic alcoholism, intravenous catheters, and drug abuse and long-term use of
steroids or other immunosuppressants [87-90].

The patients with the aforementioned risk factors and associated with ophthalmic
symptoms require a thorough ophthalmic assessment to rule out EE. Such symptoms
vary from eye pain, redness, photophobia, blurred vision, floaters, and flashes.

The clinical signs are similar to other types of endophthalmitis, however, in EE the
vitreous involvement, for example, vitreous haze, vitreous cells and floaters as well
as subretinal membranes and exudates are the most important associated findings to
look for [91, 92]. Aspergillus flavus is known to cause yellow/white exudates in the
vitreous, which vary from focal to diffuse. The hallmark feature of Candida EE is
the presence of fluffy cotton wool-like white retinal exudates or colonies along with
vitritis (Figure 5) [92].

The management of EE should be focused on systemic evaluation and manage-
ment of underlying causes. In addition to clinical evaluation, a B scan ultrasound
may delineate choroidal abscess, which appears as a dome-shaped elevation on B scan
similar to choroidal detachment [93].

Blood cultures and urine cultures are important adjuvant diagnostic modality
in the diagnosis of possible systemic infection. It was reported that blood culture
has shown a higher culture positivity than the vitreous sample, probably due to the

Figure 5.
Bilateral endogenous Nocardia endophthalmitis. Note the subretinal infiltrates and vitirtis. (Courtesy of Dr.
Hemant Trehan).
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sample volume obtained. Moreover, culture at extraocular sites has yielded a 21-100%
positivity rate as per previous reports [94].

Medical management includes topical and systemic antibiotics or antifungals,
intravitreal antibiotics or antifungals, and pars plana vitrectomy (PPV). PPV is
recommended for non-resolving vision-threatening EE cases. PPV serves both diag-
nostic and therapeutic purposes. Sato et al. suggested early vitrectomy in Candida EE
cases [95]. Yoon et al. suggested early PPV in Klebsiella endophthalmitis, which may
result in better visual effects [96]. The collaboration of the treating ophthalmologist
or vitreoretinal surgeon, microbiologists, pathologists, and the critical care physician
plays a vital role in determining the patient’s final systemic and ocular outcome [82].

Prognosis of EE similar to other endophthalmitis depends on the duration of the
condition, the extent of the ocular structures involved, the virulence of the causative
agents, and the timing of initiation of treatment as well as the response to the treat-
ment. Reported studies have shown that yeasts have a better prognosis, followed by
bacteria followed by molds, which have the worst prognosis.

10. Conclusion

Endophthalmitis is a devastating ophthalmic emergency that may lead to total loss
of vision and possibly the eye if it is not recognized and managed promptly. In addi-
tion to eye caregivers, patients undergoing intraocular surgeries must be counseled
about this rare condition as well as the potential further sequala that might occur with
or without treatment are critical. With the advancements in VR instrumentations and
techniques, the threshold of diagnostic and therapeutic PPV and appropriate intravit-
real antibiotics and/or antifungals in the management of endophthalmitis is very low.
Finally, frontline health care providers must be aware and critical if they encounter
patients with suspicious of endophthalmitis as early recognition, prompt referral, and
timely treatment are very crucial aspects for better visual prognosis.
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Chapter?2

Post-Operative Infections
Following Glaucoma Drainage
Surgery

Ejaz Ansari

Abstract

Glaucoma drainage surgery is performed commonly throughout the world for
the surgical treatment of glaucoma. Typically, a guarded fistula is fashioned leading
to a drainage bleb that represents subconjunctival collection and egress of aque-
ous humour from the eye. Bleb related infections (BRI) include blebitis and bleb
related endophthalmitis (BRE). Although rare, BRI can be blinding, and appropriate
vigilance is needed to ensure prompt diagnosis and treatment to save sight. Pre-
operatively, blepharoconjunctivitis must be treated as well as any potential sources of
infection. Clinicians must examine thoroughly to exclude bleb leaks and conjunctival
erosions post-operatively. Patients must be educated about seeking care immediately
if ocular redness, pain, discharge, or decreased vision develops. If BRI is diagnosed,
sampling of ocular tissues is necessary for culture and sensitivity, followed by
administration of broad-spectrum antibiotics. The interval from onset of symptoms
to treatment, initial visual acuity, clarity of cornea at presentation, type of infect-
ing organism, and presence or absence of diabetes mellitus are associated with final
visual outcome particularly for BRE.

Keywords: glaucoma drainage surgery, blebitis, endophthalmitis, micro-organisms,
antibiotics, vitrectomy

1. Introduction

Trabeculectomy with antimetabolites is the most commonly performed glaucoma
surgery worldwide [1], being indicated for cases of progressive optic neuropathy
despite maximum medical therapy. Other forms of drainage surgery include glaucoma
drainage device (GDD) implantation, XEN45 gel stent, microshunt implantation and
non-penetrating glaucoma surgery such as deep sclerectomy (DS).

Bleb-related infections (BRI), although rare can be very aggressive with poor
prognosis and variable response to antimicrobial therapy. BRI includes blebitis and
endophthalmitis, which may represent a continuum of infection. Early onset BRI
occurs within 1 month of surgery and late onset BRI is defined as occurring after
1 month.
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Several studies have addressed the possible risk factors associated with BRI and
new surgical techniques have been developed to improve safety. In this chapter, we
will discuss the risk factors for BRI following trabeculectomy, the pathogens involved,
the treatment protocol and antimicrobial agents that are typically used in treatment.

2. Incidence

The incidence of BRI is difficult to determine because of variable modes and times
of presentation. Long-term studies are useful in ascertaining the lifetime risk of BRI,
which is important to discuss with patients as part of the informed consent process.

In the Collaborative Initial Glaucoma Treatment Study, the 5-year risk of blebitis
and bleb related endophthalmitis (BRE) was 1.5% and 1.1%, respectively [2]. In
the Tube Versus Trabeculectomy Study, [3] the 5-year incidence of BRI following
trabeculectomy was 4.8% (n = 105). A 20-year study (n = 460) reported cumulative
probabilities of blebitis and BRE of 2% and 5%, respectively [4].

In the trabeculectomy versus tube trial, at 5 years, blebitis and endophthalmitis
occurred in 1% and 4.8% of cases in the tube and trabeculectomy groups, respec-
tively, but this was not statistically significant [3]. In a large case series of GDD
implantations, exposed implants were more likely to be associated with infection than
the group generally (16% v 1%), and exposed inferior GDD had a higher rate of infec-
tion compared to superior y placed GDD (47% v 8%) [5]. Multiple studies have shown
a higher rate of endophthalmitis in patients younger than 18 years of age [6]. Removal
of GDD in the clinical setting of BRI is controversial but recommended by the author
once the infection has been treated.

The reported rate of BRI after various nonpenetrating surgeries has been 0-1.6%
[7-10]. Cases of BRI in this setting usually occur after laser goniopuncture [10]. In
a large case series (n = 199) with relatively short follow-up there was 1 case of late
onset endophthalmitis following XEN 45 gel stent implantation [11]. Apart from this,
there have been a few case reports of BRE following XEN 45 implantation [12-15]. In
the author’ experience, after 5 years of follow up of 90 eyes implanted with XEN45
gel stent, there were no cases of BRI (unpublished data). One case of BRE has been
reported following bleb needling in an eye implanted with microshunt [16].

3. Symptoms and signs of bleb related infection

BRI can lead to severe and permanent loss of vision if not detected and treated
in a timely and directed manner. Early on there may be mild signs similar to viral or
bacterial conjunctivitis, leading to a delay in seeking medical attention. Cases typi-
cally present with a painful red eye, often associated with discharge, eyelid swelling,
photophobia, and reduced vision. There may be a prodromal history of headache,
conjunctivitis, blepharitis, and coryza [17].

The findings include a milky bleb appearance due to a mucopurulent infiltrate.
There is usually swelling and hyperaemia of the conjunctiva with upper eyelid
oedema. These findings are known as a “white on red” appearance (Figure1). The
anterior chamber may be shallow if there is a bleb leak. Later on, an anterior chamber
inflammatory reaction occurs, and anterior vitritis.

Generally, BRE and blebitis present similarly, but the symptoms and signs in BRE
are more fulminant with greater reduction in vision and a more accelerated course.
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Figure 1.
“White on red” appearance of bleb related infection (notice adjacent blepharitis).

In the author’s experience, blebitis can progress to BRE very rapidly, so that if
suspected, there must be a low threshold to admit the patient immediately for appro-
priate targeted treatment (vide infra).

4, Risk factors

Risk factors for BRI can be broadly classified under ocular and systemic
conditions.

4.1 Ocular risk factors

Bleb leak, inferior or nasal bleb, high bleb

* Intraoperative and post-operative MMC/5-FU
* Conjunctivitis

* Blepharitis

* Nasolacrimal duct obstruction

e Lens status

* Trabeculectomy alone compared to combined procedure
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4.2 Systemic risk factors
* Upper respiratory tract infection
* Diabetes mellitus
* Age
* Season
* Gender

Blebs located inferiorly are at increased risk of infection since there is greater
exposure of the bleb to the tear lake with concentrated bacteria, less protection from
the upper lid and more mechanical irritation from greater exposure [18]. The risk of
infection in an inferiorly located bleb is x4—x 8 higher in eyes treated with antime-
tabolites [19].

Fornix-based conjunctival flap trabeculectomies are associated with reduced risk
of BRI compared to limbal based conjunctival flap peritomy (hazard ratio 3.39) [20].
In one study, the incidence of late-onset BRI decreased from 5.7% to 1.2% following a
change from limbal based to fornix based peritomy [21].

The use of antimetabolite agents, e.g., 5-Fluorouracil (5-FU) and Mitomycin C
(MMC) has led to an increase in cases of BRI. The incidence before the use of anti-
metabolites was 0.2-1.5% [22-24]. This has increased to 2-13.0% in 5-FU treated eyes
[25-27] and 1.5%-14% of MMC treated eyes [28-31].

Thin, cystic blebs associated with MMC, and 5-FU use are more prone to infec-
tion than blebs with a thick wall [32-35]. They are also associated with late bleb leak
(leakage after 4 weeks), another risk factor for BRI [36-38].

In one study, the rate of BRI was 7.9% and 1.7% for blebs with and without leak-
age, respectively (202). The presence of bleb leak was associated with a 4.7-fold
increase in the risk of BRI [38]. Bleb leak must therefore be addressed in an urgent
manner by the glaucoma team.

Blepharoconjunctivitis is associated with microbial colonisation of the ocular
surface, which is a risk factor for BRI [39-43].

An important practice pearl is to examine the ocular adnexa pre-operatively and to
prepare the ocular surface in case of pre-existing blepharoconjunctivitis or nasolacri-
mal duct obstruction. Furthermore, post-operatively, all patients with an active bleb
should be examined for blepharitis.

In patients with a filtering bleb and blepharoconjunctivitis, a short course of topi-
cal antibiotic (e.g., fucithalmic, tobramycin, bacitracin, or erythromycin) plus eyelid
hygiene is reccommended with prompt discontinuation of antibiotic upon resolution.
However, the eyelid hygiene must be continued indefinitely. Rosacea blepharitis
responds well to topical azithromycin or oral doxycycline [44]. For chronic blepha-
ritis, 0.01% hypochlorous acid, which is a natural product, is an antimicrobial agent
that can be used repetitively and long-term without resistance developing [45].

Aphakia and pseudophakia are associated with higher odds of BRI (6.3 v 2.85)
[46]. Absence of an intact posterior capsule may enhance microbial penetration into
the vitreous cavity [47].

A slightly lower rate of BRI was found in cases of combined trabeculectomy+
cataract surgery (1.4%) compared to trabeculectomy alone (1.5%) at 2.5 years
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post-operatively. The lower rate of thin-walled blebs after a combined operation
could explain this observation [39].

Diabetes mellitus (DM) is associated with higher positive conjunctival
culture rate than in patients without DM. The severity of diabetic retinopathy
is correlated to culture positivity (98). In some studies, 18% of cases of BRI had
DM [29, 35, 37, 40-42, 48].

Younger age was found to be a risk factor for infection [49, 50], and severe
bleb leak was associated with younger adults (<55 years) (99). In some studies,

a high rate of BRI was found in children [51] including 8% chance of late onset
endophthalmitis [52].

The association with gender is not clearly proven. Seasonal variation in tempera-
ture and humidity may influence the conjunctival flora and therefore, the rate of
BRI [53].

5. Microbiology of bleb related infection

The most common pathogens in blebitis are Staphylococcus aureus and
Staphylococcus epidermidis [47, 54, 55]. The microbes most commonly associated
with blebitis are less virulent than those in BRE, are part of normal lid/lacrimal flora,
and produce no exotoxins; therefore, with successful treatment, visual prognosis
is good. In a retrospective study, visual acuity was at least 20/25 in all successfully
treated patients [17].

The microbes most commonly associated with early BRE include Staphylococcus
epidermidis. Late onset BRE is associated with greater percentage of Streptococcus
species 31%, and Gram-negatives such as Haemophilus influenzae 23%, Enterococcus
7%, Pseudomonas 7%, and fewer Staphylococcus species 7-22% [39, 48, 56].

When initiating antibiotic therapy for BRI, it is important to consider antibiotic
resistance, which is particularly high in staphylococci; nearly half being resistant
to methicillin with a high probability of concurrent resistance among methicillin
resistant Staphylococcus aureus to other commonly used antibiotic classes [57]. In
such cases it is useful to know that vancomycin is active against all gram-positive
organisms, including all the methicillin-resistant staphylococci [57, 58].

6. Diagnostic investigations

Sampling of the intraocular fluid for Gram stain and culture is recommended
before treatment is initiated. However, empiric treatment should begin promptly
while the specimen is being analysed. Working closely with the microbiology depart-
ment is mandatory in managing these cases.

Intraocular fluid samples should be sent for Gram and Giemsa staining, culture,
and sensitivity. Gram stain is positive in approximately 45% of endophthalmitis cases
[59]. Vitreous sampling has a higher positive culture rate than aqueous humour, with
vitrectomy samples being more culture positive than vitreous tap [60].

Polymerase chain reaction (PCR) is useful in culture negative cases. It is effec-
tive in detecting fastidious bacteria, provides a result in a few minutes and is more
sensitive than cultures [61, 62]. However multiple samples have to be sent for each
micro-organism that the clinician suspects. Biome representational in silico karyotyp-
ing (BRiSK) is a new technique for detection of any DNA-based life form and can
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detect micro-organisms in PCR negative samples [63]. However, its role in BRI is not
established.

Although the majority of glaucoma specialists recommend conjunctival sam-
pling, it must be appreciated that conjunctival culture results in BRI do not gener-
ally match the culture results from anterior chamber and vitreous humour samples
[32, 39, 64]. Care must be taken not to tear the conjunctiva over the bleb area when
taking samples.

7. Treatment modalities

The most effective treatment for BRI consists of a combination of fortified
aminoglycoside or ceftazidime with vancomycin, i.e., a broad-spectrum antibiotic
combination. Moxifloxacin tends to be the most popular fluoroquinolone of choice
due to its higher intraocular penetration and activity against gram-negative bacteria,
gram-positive cocci, and atypical pathogens [65-67]. Topical aminoglycosides may be
efficacious in BRI caused by fluoroquinolone-resistant Staphylococcus species [68].

Pre-operative 5% povidone iodine instillation in the conjunctival sac is recom-
mended in the prophylaxis of endophthalmitis for cataract surgery, and the author
recommends the same for glaucoma drainage surgery. It has also been used in the
treatment regimen for BRI. Povidone iodine is an antiseptic agent which is clinically
effective against a broad range of bacteria and fungi. In a British survey, 28% of
glaucoma surgeons used povidone iodine in the conjunctival sac to treat BRI [64]. Just
one drop of 5% povidone iodine acts rapidly within 2 minutes to reduce the positive
swab rate of the ocular surface from 75% to 28% in eyes without active infection [69].

For BRE, a broad-spectrum combination of intravitreal antibiotics that cover
gram-positive and gram-negative bacteria can be started empirically before culture
results are available [70], e.g., vancomycin and ceftazidime. The author recommends
amikacin instead of ceftazidime for beta lactam sensitive patients with cephalosporin
cross reactivity.

Practice point: before performing vitreous tap and intravitreal injections in BRI
cases, a retinal examination must be performed to exclude retinal detachment or
choroidal detachment (which can be associated with bleb leaks and hypotony). If the
view is not clear, ultrasound biomicroscopy must be performed to exclude the same.

Vitreous sampling and intravitreal injection in the presence of choroidal detach-
ment could lead to catastrophic choroidal haemorrhage.

The short duration of action of intravitreal antibiotics does limit their efficacy,
but generally If there is no improvement after 36-48 h, another intravitreal antibiotic
injection can be given in line with culture and sensitivity results, or pars plana vitrec-
tomy (PPV) can be performed [71]. The author’s advice is to have a low threshold for
PPV in BRE since the infecting organisms tend to be more virulent and the disease
course more fulminant than in post-cataract surgery endophthalmitis.

Other modes of administration of antibiotics include the subconjunctival and oral
routes. However, subconjunctival antibiotics do not achieve therapeutic levels in the
vitreous [72]. A combination of topical and oral antibiotics achieves higher levels in
the vitreous than topical therapy alone, but there is no consensus on the use of oral
therapy.

Although, antibiotics are the mainstay of treatment for BRI, consideration should
also be given to treating concurrent intraocular inflammation. Therefore, topical
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cycloplegics should be used to prevent and release posterior synechiae. Topical
steroids should be considered once it is confirmed that the antibiotic treatment is
being administered according to sensitivities of cultured organisms and that the
treatment is working.

In one study, most of the glaucoma surgeons started topical corticosteroids
24-72 h after the initiation of topical antibiotics [64]. The role of intravitreal steroid
therapy lacks evidence but can be considered depending on the response to antimi-
crobials and the amount of ocular inflammation. Subconjunctival dexamethasone is a
reasonable alternative to intravitreal corticosteroids. Steroids are effective in treating
inflammation associated with bacterial exotoxins [73] but are contraindicated in
fungal disease.

For fungal infections, e.g., severe candida endophthalmitis, a combination of
oral amphotericin-B and flucytosine is advised. Fluconazole and oral voriconazole
are alternatives that cover a range of fungal species [74, 75]. Usually, a period of
4-6 weeks of treatment is required.

The role of vitrectomy in the setting of endophthalmitis after glaucoma surgery is
a matter of debate. The Endophthalmitis Vitrectomy Study (EVS) [60] did not include
BRI cases, therefore, strictly speaking, its recommendations cannot be extrapolated
to this population. Typically, BRE for example occurs a lot later than the acute setting
of post-cataract surgery endophthalmitis. Furthermore, the more virulent organ-
isms found in BRE, would warrant earlier consideration of vitrectomy compared to
patients with endophthalmitis following cataract surgery, but evidence-based data
to drive this clinical decision are lacking [48, 56]. In cases of fungal BRE, PPV can be
sight saving in severe cases [76]. Intravitreal antifungal agents are commonly used in
cases of fungal BRE, but evidence for their value is lacking [75]. Intravitreal ampho-
tericin B, voriconazole, and caspofungin are examples of antifungal agents used in

BRE [77].
8. Treatment protocol

There is no universally agreed upon regimen, however, the following is the author’s
preferred practice with reference to what has been discussed in this chapter:

General considerations:

* For all cases of BRI- blebitis and BRE- admit the patient for frequent topical
antibiotic therapy and close observation and examination.

* Take ocular samples for culture and sensitivity straight away but start empirical
treatment whilst awaiting culture results.

* Blebitis can convert to BRE very quickly, so have a low threshold for pursuing a
more aggressive treatment approach if no improvement in the clinical picture is
seen in the first 48—72 h (vide infra).

* Examine the patient twice daily during the acute phase of BRI.

* In cases of BRE, fully inform the patient and relatives that there is a high chance
of losing vision despite treatment and a low chance of losing the eye.
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Specific details:

* If no vitreal involvement, start aggressive broad-spectrum topical antibi-
otic treatment. Options include fortified antibiotics such as vancomycin
(25-50 mg/mL) and cefazolin (50 mg/mL) or fortified tobramycin (14 mg/mL)
alternating q30min for 48 h after a loading dose (every 5 min for three doses);
or 4th generation fluoroquinolone with same posology.

* Topical cycloplegics, e.g., g Atropine bd can be started straight away; topical
steroid, e.g., Prednisolone 1% or Dexamethasone 0.1% qid can be used 48-72 h
after initiation of topical antibiotics.

* Taper fortifides after 48 h to regular strength based on improvement.

o If there is vitreal involvement, perform a vitreous tap following all necessary
precautions (vide supra) and inject intravitreal antibiotics, e.g., vancomycin +
ceftazidime/ amikacin.

* Inthe absence of fungal infection, consider adjunctive intravitreal dexametha-
sone (0.4 mg/0.1 mL) which may modify the inflammatory response and
consequent damage to retina and other ocular structures.

o If there is improvement in the clinical picture, start tapering the topical antibiot-
ics (vide supra).

o If there is no improvement, refer to retinal surgeons for urgent vitrectomy +
intravitreal antibiotics.

9. Visual outcome

In most cases of Infection arising from gram-negative pathogens and streptococci,
there is a worse visual prognosis, with only 45-46% achieving best visual acuity
(BVA) >20/400. In contrast, 89% of eyes achieve BVA >20/400 following Infections
associated with coagulase-negative staphylococci [78].

Better visual outcomes after BRE are associated with the following:

shorter interval from onset of symptoms to treatment, better initial visual acu-
ity, clear cornea at presentation, isolation of less virulent organisms, and absence of
diabetes mellitus [34, 79].

10. Conclusions

* Bleb related infections are uncommon but can lead to blindness in a short space
of time.

* Early diagnosis and treatment are crucial to provide the best chance to save sight.

* Patients must be informed of the signs of infection or impending infection-
redness, pain, discharge, reduction of vision- and to report to the emergency
department immediately if any of these symptoms are experienced.
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Surgeons must play an active role in clinics to look for blepharitis, epiphora or
conjunctivitis in the presence of a bleb, and these conditions explained and
treated.

Blebs must be examined at each clinic visit for leakage by Seidel testing, and
leaks managed appropriately to prevent further complications.

Thin, avascular, or sweating blebs, even if not leaking, must be assessed more
frequently and the patient informed (vide supra) of the possibility of infection.
In such cases it is reasonable to discuss the option of bleb revision.

Although no clear guidelines have been developed regarding management of
BRE, early aggressive treatment is associated with better visual prognosis.
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Abstract

Netilmicin is a potent and safe antibiotic with a very low incidence of resistance
used as a topical ophthalmic medication in bacterial ocular infections. The aim of
this study was to compare netilmicin’s Quotient of Inhibitions (QIs) and killing
kinetics vs Staphylococci with other ophthalmic antimicrobials. Conjunctival and
corneal QIs of netilmicin formulations, in single and multiple doses of admin-
istration, were compared with those of tobramycin, ofloxacin, levofloxacin and
azithromycin preparations. The same analysis was performed in human tears,
comparing netilmicin eye drops solution with tobramycin ofloxacin and levofloxa-
cin. Furthermore, killing kinetics against Staphylococci (ATCC strains and ocular
isolates) of the above-cited antibiotics, as well as chloramphenicol, were compared
at different time points. QI results showed that in the conjunctiva, netilmicin, in
both single and multiple doses of administration, is highly effective against all
staphylococcal strains tested, while in the cornea it was particularly active against
methicillin-resistant Staphylococci strains. Moreover, in human tears, netilmicin eye
drops solution showed a more favourable QI against Staphylococci than tobramycin,
ofloxacin and levofloxacin all in single-dose administration regimen. Killing kinetic
results showed that netilmicin has a great bactericidal activity vs all the microbe
strains tested as netilmicin showed to be almost the most active antibiotic. Results
suggest that netilmicin has one of the most favourable killing kinetic and tissue
inhibitory effects against Staphylococci than the principal ophthalmic antibiotics on
the market.

Keywords: netilmicin, quotient of inhibition, killing curves, Staphylococci,
methicillin resistance
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1. Introduction

Netilmicin is a third-generation aminoglycoside antibiotic considered a first-
line therapy for the treatment of acute bacterial conjunctivitis. It is a semisyn-
thetic 1-N-ethyl derivative of sisomycin, endowed with an excellent in vitro and
in vivo activity against a wide range of ocular pathogens both Gram-positive and
Gram-negative bacteria including Staphylococcus aureus (S. aureus), S. epidermidis
(S. epidermidis) and others Staphylococcus Coagulase negative, Acinetobacter spp.,
Pseudomonas spp. and Haemophilus influenzae [1-3].

The most common causative agents for external ocular infections are S. aureus and
S. epidermidis although the specific causal organisms are frequently unknown [2]. Of
particular concern among ocular isolates is the increasing frequency of methicillin-
resistant S. aureus (MRSA) and methicillin-resistant S. epidermidis (MRSE) [4].

Various classes of topical antibacterial products have been used in the treatment of
bacterial conjunctivitis. These include aminoglycosides (e.g. tobramycin, gentamycin
and netilmicin), macrolides (e.g. azithromycin), chloramphenicol and, most recently,
fluoroquinolones (e.g. ofloxacin and levofloxacin) [4].

Nonetheless, successful therapy for bacterial conjunctivitis continues to be limited
by several factors. A primary concern is the development of bacterial resistance that
may be impacted not only by widespread antibiotic use but also by antibacterial
pharmacokinetics, such as maintenance of insufficient bactericidal concentrations at
the site of infection [2, 4].

Importantly, netilmicin is active against strains and resistant to other aminoglyco-
sides, such as tobramycin or gentamicin [2], including methicillin-resistant strains
[1, 2,5, 6]. Indeed, being an antibiotic almost totally dedicated to ophthalmology and
not used for systemic route, netilmicin has maintained unchanged its susceptibility
and resistance profile over the last 20 years towards the major strains responsible for
eye infections [7, 8].

Netilmicin is available on the market in three different topical ophthalmic dosage
forms: solution, gel and ointment. Those products are indicated for the treatment
of bacterial ocular infections of the anterior segment of the eye and ocular adnexa
[2]. Netilmicin ophthalmic formulation is able to cross the cornea of rabbits, reach-
ing aqueous humor levels comparable with the minimal inhibitory concentration
(MIC) for usual ocular pathogens [9]. Netilmicin has no toxic effect in vitro on
human corneal epithelial cells (HCE-T) and human conjunctival epithelial cells
(Wong-Kilbourne derivative of Chang conjunctiva) [10]. Bonfiglio et al. evaluated
the in vitro activity of netilmicin of other antibiotics used in ophthalmology against
gram-positive and gram-negative microorganisms isolated from ocular infections.
The results of this study showed that the activity of netilmicin was superior to that of
ofloxacin against both groups of bacteria, with more than 90% of the isolated strains
being susceptible to netilmicin [3]. Additionally, in a study carried out on 1333 ocular
clinical isolates, netilmicin was revealed to have the best susceptibility profile among
aminoglycosides showing the lowest minimum inhibitory concentration (MIC) values
against all isolates. Specifically, netilmicin superiority was pronounced against S.
aureus and coagulase-negative staphylococci (CoNS) [11]. These two Staphylococci
strains represent the most diffused clusters of bacteria in ocular infections ranging
from 65 to 76.2% of the total isolates under investigation [11, 12].

Moreover, Blanco et al. evidenced that netilmicin was effective as vanco-
mycin against both methicillin-resistant Staphylococcus aureus (MRSA) and
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methicillin-resistant Staphylococcus epidermidis (MRSE) clinical-ocular isolates [13].
This result is worthy of note considering that an increasing incidence (55% from
2002 to 2008) of MRSA and MRSE strains was registered in ophthalmology with few
antibiotics capable of being efficacious against these pathogens [14]. Considering
this evidence, the aim of the present study was to, directly, compare, within the same
experimental setting, anti-staphylococcal activity of netilmicin to those of the main
ophthalmic antimicrobials on the market. To this end, two of the most important
pharmacological indices for antibiotics, that is, the quotient of inhibition (QI),
corresponding to the Cy,,x/MICq ratio [15], and the antibiotic kinetic of killing was
investigated. Antibiotic QIs were calculated by mining respective maximum con-
centration (Cy,.x) and MICog data from peer-reviewed literature and from internal
pharmacokinetic studies in rabbits carried out according to Good Laboratory Practice
(GLP). The QIs of two netilmicin formulations, eye drops solution and gel, in single
and multiple dose administrations (both in cornea and conjunctiva), were compared
to those of tobramycin, ofloxacin, levofloxacin and azithromycin. The QI of chlor-
amphenicol was not calculated since no data on C,,y in the target tissues (cornea and
conjunctiva) were found in literature. Moreover, the same analysis was performed in
human tears, comparing netilmicin eye drops solution with tobramycin ofloxacin and
levofloxacin, all in single-dose administration. Concerning the killing kinetics against
two ATCC Staphylococci strains and two Staphylococci methicillin-resistant ocular
isolates, netilmicin activity was directly compared to those of the above-cited antibi-
otics and to chloramphenicol as well.

2. Materials and methods
2.1 QIs determination

Meta-analysis for QIs determination was carried out by scanning scientific litera-
ture in search of in vitro studies, reporting levofloxacin, ofloxacin, netilmicin, tobra-
mycin and azithromycin MICy, values against the most diffused bacterial species in
ocular infections (MSSA, MRSA, MSCoNS, MRCoNS), and pre-clinical in vivo studies
in rabbits, reporting corneal and conjunctival C,,x values of ophthalmic formulations
containing the above antibiotics. In detail, as described in Tables 1 and 2, the follow-
ing eye drops formulations were taken into account: (i) netilmicin 0.3% eye drops
solution (Nettacin® eye drops); (ii) Netilmicin 0.3% gel formulation (Xanternet®);
(iii) tobramycin 0.3% (Tobrex®); (iv) levofloxacin 1.5% (Iquix® and Cravit®);( v)
ofloxacin 0.3% (Tarivid® and Ocuflox®); and (vi) azithromycin 1% (Azasite® and
Azimycin®).

As to the MICq, the selected references adhered to the criteria of encompassing
large epidemiological/surveillance studies and including the above-cited groups of
bacterial strains. As to the second parameter (Cy,.x), only those studies comprising
the same animal species and the same regimen of ocular drug administration (single
or multiple doses) were considered as eligible and comparable to each other. Then
MICqg and Cy,,x data were put into ratio and the QI values for the two ocular tissues
and regimens were calculated.

Moreover, the same analysis was performed in human tears, comparing netilmicin
0.3% eye drops solution with tobramycin 0.3%, ofloxacin 0.3% and levofloxacin
0.5%, all in single-dose administration.
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References for C,,,, Cmax (1g/g) single dose Antibiotic References for MICyo pg/ml
values . . formulations MICy values (strains)
Cornea Conjunctiva
Mazzone M.G., 0.35 0.81 NETTACIN Sanfilippo CM 0.5 (MSSA);
unpublished data EYE DROPS et al. 2016 [11] 0.5 (MRSA);
(netilmicin 0.3%) 0.12
0.98 375 NETILMICIN (M%CSIGVS) ;
GEL (netilmicin .
0.3%) (MRCoNS)
Gilbert ML et al. 0 31 TOBREX 1 (MSSA);
1987 [16]; Owen (tobramycin 1024
GRetal. 2007 [17] 0.3%) (MRSA); 8
(MSCoNS);
32 (MRCoNS)
ChungJL etal. 2013 10.67 1.99 IQUIX Asbell PA et al. 2 (MSSA);
[18] (levofloxacin 2020 [12] 128 (MRSA);
1.5%) 2 (MSCoNS);
256
(MRCoNS)
Sakai T etal. 2019 2.21 204 TARIVID 4 (MSSA);
[19] (ofloxacin 0.3%) 16 (MRSA);
Product Monograph 332 295 OCUFLOX 382(?151305]\1[\2)
(revision 2013) [20] (ofloxacin 0.3%) 0
Akpek EK etal. 404 108 AZASITE 1024 (MSSA,
2009 [21] (azithromycin MRSA,
1%) MSCoNS,
Sakai T et al. 2019 799 442 AZIMYCIN MRCoNS)
[19] (azithromycin
1%)

referring to cornea.
-
referring to conjunctiva.

Table 1.
Cona MIC,, values and velative bibliographic references as to the single dose of antibiotics administration.

2.2 Bacterial strains and killing curves determination

Two eye swabs of bacterial isolates S. aureus 801 CT (MRSA) and S. epidermidis 829
CT (MRSE), belonging to SIFIs private collection were used throughout this study.
These strains collection comprises different microbial eye isolates collected from 1998
to 2014 from patients with community-acquired ocular infections coming from three
different geographical sites (Messina, Catania and Rome (Italy)). The above microor-
ganisms, and their antibiotic resistance patterns, were previously identified by standard
laboratory methodologies. Genetic profiles of all S. aureus and S. epidermidis isolates of
the collection were previously determined (data not shown) with the aim of grouping
all isolates in ‘strain types’ The two methicillin-resistant microorganisms under study
were each representative of the most diffused ‘strain type’ within the collection with
regards to species and the geographical provenience. In addition, S. aureus ATCC 6538
and S. epidermidis ATCC 12228 strains (purchased from Thermo Fisher Scientific,
Lenexa, KS, USA) were also included in the experiment. Time kill determination was
performed as previously described by Bonfiglio et al. [3]. Briefly, microorganisms
were grown overnight to reach a density of about 10° colony-forming unit (cfu)/ml
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References for C,,,, Cmax (1g/g) multiple dose Antibiotic References MICyo pg/ml
values Cornea Conjunctiva formulations for MICy, (strains)
values
Civiale C., 0.35 0.77 NETTACIN Sanfilippo 0.5 (MSSA); 0.5;
unpublished data EYE DROPS CM. et al. (MRSA); 0.12
(netilmicin 2016 [11] (MSCoNS); 0.06
0.3%) (MRCoNS)
0 0.65 TOBREX 1 (MSSA); 1024
(tobramycin (MRSA); 8
0.3%) (MSCoNS); 32
(MRCoNS)
Sugioka K et al. 734 1.77 CRAVIT Asbell PA 2 (MSSA); 128
2009 [11] (levofloxacin et al. 2020 (MRSA); 2
0.5%) [12] (MSCoNS); 256
(MRCoNS)
Tarivid -Full 778 3498 TARIVID 4 (MSSA); 16
Prescribing Info (ofloxacin (MRSA); 8
[22] 0.3%) (MSCoNS); 32
Product Monograph 65 56 OCUFLOX (MRCoNS)
(revision 2013) [20] (ofloxacin
0.3%)
Akpek EK etal. 252 1774 AZASITE 1024 (MSSA,
2009 [21] (azithromycin MRSA, MSCoNS,
19%) MRCoNS)
Table 2.

Conaxr MICy, values and velative bibliographic references to multiple doses of antibiotics administration.

on Mueller Hinton (MH) broth (purchased from Biogenerica, CT, Italy) and then
diluted to about 1x10° cfu/ml in the same pre-warmed medium containing netilmicin
(32 pg/ml; purchased from Zhejiang Zhenyuan Pharmaceutical Co., Ltd, Shaoxing,
China), tobramycin (16 pg/ml; purchased from Sigma Aldrich, MI, Italy), ofloxacin,
levofloxacin (4 pg/ml; purchased from Sigma Aldrich, MI, Italy), azithromycin (8 pg/
ml, purchased from Sigma Aldrich, MI, Italy) or chloramphenicol (32 pg/ml, Chemo,
Spain). These antibiotics concentrations corresponded to the resistance breakpoints
values according to CLST’s (2015) interpretative criteria. An antibiotic-free control was
similarly inoculated. At 0, 1, 2, 6 and 24 hours after drug exposure, 0.1 ml of the culture
was collected, diluted in phosphate buffered saline, inoculated (by inclusion) onto
MH agar plates and incubated at 37° C for 24 hours to determine viable cfu/ml. All the
experiments were performed in triplicate for three experimental days. Killing curves
were constructed by plotting the logy of cfu/ml versus the established time points (i.e
0, 1,2, 6 and 24 h). Bactericidal activity was defined as a >3 logyo decrease of the initial
inoculum size. A statistical analysis of the area under the curve (AUC) was conducted
by the one-way ANOVA statistical test (GraphPad Prism 6; CA, USA).

3. Results
3.1 Qls determination

Corneal and conjunctival Cp,,, values for netilmicin, tobramycin, levofloxacin,
ofloxacin and azithromycin formulations, in both single and multiple doses
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administration, were gathered from bibliographic iz vivo pharmacokinetic studies
[16-19, 21, 23] and, as to netilmicin, from two internal GLP studies (M.G. Mazzone
and C. Civiale unpublished data). All these studies have been carried out on rabbit
and included the same regimen of drug administration. The QI of chloramphenicol
was not calculated since no data on Cy,,y in the target tissues (cornea and conjunc-
tiva) were found in literature. The values of MICy, for the five antibiotics under
investigation, were retrieved from two studies [11, 12] that fully match the fixed
bibliography selection criteria. In the study selected for quinolones (i.e levofloxacin,
ofloxacin) and macrolide (i.e azithromycin) antibiotics, MICq values were calcu-
lated from a total of 6091 eye isolates while the second study, for the aminoglycoside
antibiotics, considered a total of 734 ocular isolates. C,,y, MICoq values and their
relative bibliographic references were reported in Tables 1 and 2. C,, values were
put into ratio with the above MICs o9 and the resulting QIs were reported as graphs.
Analysis of the QI values showed that, as to the single dose, Nettacin® eye drops
(netilmicin 0.3% eye drops solution) were revealed to be the best performing formu-
lation in conjunctiva against MRSA, MRCoNS and MSCoNS (Figure 1). Interestingly,
under the same conditions, netilmicin 0.3% gel formulation (Xanternet) allowed a
general sensible increase of the QIs to make this formulation the best performing one
among those studied, also against the MSSA (Figure 2). In cornea, netilmicin 0.3%
eye drops solution showed higher QIs with respect to other formulations vs MRSA
and MRCoNS strains. IQUIX® (levofloxacin 1.5%), due to the fortified formula-
tion, overcame all the other ones in the MSCoNS category (Figure 3). Also in this
case, under the same conditions, the netilmicin 0.3% gel formulation allowed a
general sensible increase of the QIs so that netilmicin gel was revealed to be the best
performing formulation against the MSCoNS and the second best performing one
against the MSSA category (Figure 4). As to the multiple doses of administration,
only Nettacin® eye drops were eligible to be included in the analysis. This netilmicin
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Figure 1.

Netilmicin eye drops (Nettacin eye drops) conjunctival Qls in a single dose against (A) MSSA; (B) MRSA; (C)
MSCoNS; and (D) MRCoNS.
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Netilmicin gel (Xanternet) conjunctival QIs in a single dose against (A) MSSA; (B) MRSA; (C) MSCoNS; and
(D) MRCoNS.
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Figure 3.
Netilmicin eye drops (Nettacin eye drops) corneal Qls in a single dose against (A) MSSA; (B) MRSA; (C)

MSCoNS; and (D) MRCoNS.

formulation in the conjunctiva was the best performing one among the three anti-
biotic formulations considered against MRCoNS and MSCoNS and the second best
performing one against the other two strain categories (Figure 5). In the cornea,
netilmicin in multiple-dose presentation, revealed to be the best performing formu-

lation against MRCoNS and MRSA (Figure 6).
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Figure 4.
Netilmicin gel (Xanternet) corneal QIs in a single dose against (A) MSSA; (B) MRSA; (C) MSCoNS; and (D)
MRCoNS.
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Figures.
Netilmicin eye drops (Nettacin eye drops) conjunctival Qls in multiple doses against (A) MSSA; (B) MRSA; (C)
MSCoNS; and (D) MRCoNS.

Moreover, QI determination was evaluated in human tear, comparing netilmicin
eye drops solution with tobramycin and fluoroquinolones (i.e. ofloxacin and
levofloxacin). Qls, were established, using MICqg and Cyy,y values retrieved from
peer-reviewed literature [11, 24-28]. Results demonstrated that in human tear,
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Figure 6.
Netilmicin eye drops (Nettacin eye drops) corneal Qls in multiple doses against (A) MSSA; (B) MRSA; (C)
MSCoNS; and (D) MRCoNS.
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Figure 7.

Netilmicin eye drops tear QIs against (A) MSSA; (B) MRSA; (C) MSCoNS; and (D) MRCoNS.

netilmicin eye drops solution showed a more favourable QI against Staphylococci
than tobramycin, ofloxacin and levofloxacin, all evaluated in single-dose adminis-
tration regimen (Figure 7).

Altogether, QI results showed that netilmicin in the conjunctiva, in both single and
multiple doses, is a highly effective antibiotic against all staphylococcal categories,
while in the cornea it was revealed to be particularly active in single and multiple
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doses, against methicillin-resistant Staphylococci strains. Importantly, QI data on
human tears supports what was found in the cornea and conjunctiva of rabbits, thus
confirming the better efficacy of netilmicin with respect to other antibiotics.

3.2 Killing curves

Data showed that netilmicin has a pronounced bactericidal activity against all the
four Staphylococci tested strains. For these Staphylococci, netilmicin was revealed to
be one of the most active antibiotics achieving, at 24 hours, a > 3 log;o reduction of the
initial inoculum (Figures 8-11).

In detail, netilmicin, together with tobramycin, showed a bactericidal effect
against S. aureus 6538 (ATCC strain) with a higher efficacy at 24h (>4 and 6 logyo
decrease, respectively) compared to levofloxacin, ofloxacin, azithromycin and
chloramphenicol (Figure 8).

The same activity was found against S. aureus 801 MRSA (ocular isolate), where netilm-
icin, together with tobramycin, showed the best performance reaching the total eradication
of the initial inoculum at 24h, (both 6 logyo decreases at 24h) (Figure 9). Importantly, this
effect is better than levofloxacin, ofloxacin, azithromycin and chloramphenicol that failed
toinducea > 3 logyo reduction of the initial inoculum at all time points, with the exception
of levofloxacin and ofloxacin that induce a reduction > 3 logy at 24h (Figure 9).

Moreover, netilmicin reduced bacterial growth of S. epidermidis 12228 (ATCC
strain) with a killing activity from 2h to 24h similar to that of tobramycin (6 logo
decrease, Figure 10). Except for levofloxacin which is effective only at 24h (6 logo
decrease), this effect is better than ofloxacin, azithromycin and chloramphenicol that
failed to produce a > 3 logo reduction of the initial inoculum (Figure 10).

Surprisingly, it was found that netilmicin was the only antibiotic able to reach
the total eradication of the bacterial inoculum of S. epidermidis 829 MRSE (ocular
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Figure 8.

Time-killing curves of netilmicin (32 ug/ml), tobvamycin (16 ug/ml), levofloxacin (4 ug/ml), ofloxacin (4 pg/
ml), azitromycin (8 ug/ml) and chloramphenicol against S. aureus (ATCC 6538 strain) exposed for o, 1, 2, 6 and
24 h. Data represent mean + S.E.M. of log,, cfu/ml of three replicates.
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Figure 9.

Time-killing curves of netilmicin (32 ug/ml), tobramycin (16 pg/ml), levofloxacin (4 pg/ml), ofloxacin (4 pg/
ml), azitromycin (8 ug/ml) and chloramphenicol against S. aureus 801 isolate (MRSA) exposed for o, 1, 2, 6 and
24 h. Data represent mean + S.E.M. of log,, cfu/ml of three replicates.
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Time-killing curves of netilmicin (32 pug/ml), tobramycin (16 pug/ml), levofloxacin (4 ug/ml), ofloxacin (4 pg/
ml), azitromycin (8 ug/ml) and chloramphenicol against S. epidermidis (ATCC 12228 strain) exposed for o, 1, 2,
6 and 24 h. Data represent mean + S.E.M. of log,, cfu/ml of three replicates.

isolate) at 24h (6 logyo decrease, Figure 11) with respect to all other tested antibiotics.
Moreover, levofloxacin and ofloxacin showed a bactericidal activity at 24h (3 logyo
decrease, Figure 11) but this effect is lower than netilmicin. Importantly, tobramycin
failed to produce a bactericidal effect against MRSE ocular isolate (Figure 11).
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S. epidermidis 829 MRSE
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Time-killing curves of netilmicin (32 ug/ml), tobramycin (16 ug/ml), levofloxacin (4 ug/ml), ofloxacin (4 ug/
ml), azitromycin (8 ug/ml) and chloramphenicol against S. epidermidis 829 isolate (MRSE) exposed for o, 1, 2, 6
and 24 h. Data represent mean + S.E.M. of log,, cfu/ml of three replicates.

Moreover, in order to better understand and compare the efficacy of the different
antibiotics tested, area under the curve (AUC) was calculated for each killing curve
obtained and compared to netilmicin AUC for each strain tested (Table 3).

Results of the analysis showed that netilmicin has a better activity with respect to
tobramycin against MRSE strain (p < 0.0001, Table 3).

Moreover, netilmicin is better than azithromycin for three of the total four strains
tested, specifically S. aureus 6538 and MRSA with p < 0.0001 and S. epidermidis 12228

Antibiotics Strains/ocular isolates
S. aureus 6538 (ATCC) S. epidermidis 12228 MRSA MRSE
(ATCC)
Netilmicin Netilmicin Netilmicin Netilmicin

Tobramycin ns ns ns
Levofloxacin ns ns ns ns
Ofloxacin ns ns ns ns
Azithromycin ns
Chloramphenicol

p<0.05.

ps 0.01.

ps 0.001.

""p < 0.0001 vs netilmicin.
One-way ANOVA followed by Dunnett’s post-hoc test; ns = no statically significant differences.

Table 3.
Area Under the Curve (AUC) of all antibiotics compared to netilmicin.
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(p £0.001) (Table 3). Finally, it was found that netilmicin is better than chloram-
phenicol for all tested strains (p < 0.01 for S. epidermidis 12228; p < 0.001 for MRSE;
p < 0.0001 for S. aureus 6538 and MRSA) (Table 3).

4. Discussion

Bacterial conjunctivitis affects many people and imposes economic and social
burdens [29]. Clinical studies of ocular infections have documented a gradual decline
in the effectiveness of many commonly used topical antibacterial agents, creating a
continuous demand for newer, effective treatments and better strategies to minimize
resistance [4]. Netilmicin is a broad-spectrum, semisynthetic and water-soluble
antibiotic of the aminoglycoside group. Compared to gentamicin and tobramycin,
netilmicin has a good activity against gentamicin and tobramycin resistant strains,
this depending on the N-ethyl substitution of the 2- deoxystreptamine ring [1-3].
Interestingly, netilmicin might also be considered an antibiotic of choice in the
preoperative setting thanks to the high in vitro susceptibility (>90%) to this antibiotic
of those isolates belonging to the normal ocular flora (including also the multi-
resistant coagulase-negative Staphylococci) [30]. As to the arising of resistant strains,
this antibiotic, when compared to other aminoglycosides and fluoroquinolones, has
one of the lowest incidences of resistance among both gram-positive and negative
organisms (2% and 3%, respectively) [31]. To truly understand the pharmacology
of antimicrobial agents, it’s better to go beyond MICs, using metrics that account for
the rate of bacterial killing and effects of different dosing regimens and formulations
on accumulation in tissues. Appreciation of the pharmacokinetic properties of an
antibiotic and its pharmacodynamic measures of efficacy can maximise the utility of
these sight-saving drugs. To better understand the antibacterial activity of netilmicin
and compare it with that of other ophthalmic antibiotics, two key pharmacological
indices, QI and killing kinetic, useful to facilitate this comparison were investigated
[15]. QI results showed that netilmicin has more affinity to cornea and conjunctiva
with respect to the other molecules studied ensuring, in these tissues, amounts of
drug suitable to eradicate Staphylococci (including methicillin-resistant strains).
Interestingly, netilmicin 0.3% tested in both solution and gel formulation form,
selectively guarantee at the main ocular sites high antibiotic concentrations without
neglecting patient’s compliance [32]. Particularly, the present study demonstrates
that the gel formulation of netilmicin greatly amplifies the potency of the molecule by
concurring with the increase of its QIs within target tissues. In fact, the gel formula-
tion of netilmicin contains 1% xanthan gum which affects the retention time of the
antibiotic on the ocular surface and, consequently, on the tissues’ Cp,.x values [24].
Moreover, in human tears, netilmicin eye drops, in single dose, showed to have a
more favourable QI against Staphylococci than tobramycin and fluoroquinolones (i.e.
ofloxacin and levofloxacin). Also, in this case, to calculate the QIs, MICgg and Ci.x
values were retrieved from peer-reviewed literature as above [11, 25-28].

Results of the present study highlight that netilmicin has also a faster killing activ-
ity and a more potent antimicrobial effect, against most of the staphylococcal strains
tested, including MRSA and MRSE, than the main ophthalmic antibiotics.

Results demonstrated that netilmicin and tobramycin, both included in the
aminoglycosides class, are effective against S. aureus, MRSA and S. epidermidis with a
greater effect compared to the other tested antibiotics, that is, azithromycin, ofloxa-
cin, levofloxacin and chloramphenicol. Surprisingly, netilmicin is the only antibiotic
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able to inhibit the growth of MRSE compared to all other molecules including tobra-
mycin although belonging to the same class. Importantly, tobramycin was found to be
unable to inhibit the growth of MRSE strains, indeed bacterial growth increases as the
control (condition without treatment).

These findings are of particular interest considering that among ocular isolates,
the frequency of MRSE and MRSA in bacterial conjunctivitis is increasing [4].

Moreover, the aforementioned susceptibility profile of netilmicin against multi-
drug resistant organism (MDRO) like CoNS, including S. epidermidis [30], guarantees
that its use is beneficial and warranted also to restore the balance of the eye micro-
biota frequently disrupted in patients suffering from recurrent eye infections who are
subjected to repeated, and sometimes empirical, antibiotic treatments.

In fact, normal ocular microbiota could be considered a reservoir of antibiotic
resistance and some bacterial strains have the capacity of centralizing and carrying
antibiotic resistance genes (belonging to other organisms) so to become MDRO.

It was already proven that empirical antibiotic treatment in eye infections, such as
keratitis, leads to an increase in the antibiotic resistome profile of the ocular surface
microbiota [33].

As an example of antibiotics leading to multi-drug resistance patterns, it is known
that the repeated use of topical antibiotics, e.g. azithromycin or fluoroquinolones,
could significantly alter the microbiota composition by increasing the percentage of
S. epidermidis at the expense of other strains populating the commensal flora. S. epi-
dermidis could rapidly emerge after antibiotic exposure acquiring both co-resistance
to several classes of antibiotics and alterations in their biofilm formation capacity
so to produce considerable clinical implications, such as conjunctivitis, keratitis and
endophthalmitis [34].

In this sense, the use of netilmicin in patients where a chronic disruption of the
normal balance of the ocular flora occurs as a consequence of the emergence of patho-
gens like MDRO CoNS should be recommended in order to reconstitute a normal eye
surface homeostasis and, therefore, to resolve the aforementioned pathologies.

Moreover, it is worthy of note that in literature there is evidence showing that
bactericidal action of netilmicin is maintained for up to 4 hours by its post-antibiotic
effect [3]. This evidence could be useful for reducing the antibiotic administration
regimen in vivo.

5. Conclusions

Netilmicin exhibits superior activity against the most common ocular bacterial
strains, with faster and greater inhibitory potency in target tissues than other oph-
thalmic antibiotics. QI data on cornea and conjunctiva in rabbits demonstrated that
netilmicin 0.3% is better than the other products when tested in both dosage forms,
that is, eye drops solution and gel. Importantly, netilmicin 0.3% gel, due to the
presence of 1% xanthan gum prolongs the retention time on the ocular surface and,
consequently, increases the Cy,,x. Therefore, based on the severity of the pathology
and any other concerns (e.g. corneal healing) associated with bacterial conjunc-
tivitis, it is possible to use netilmicin 0.3% eye drops solution or gel formulation.
Moreover, netilmicin offers an excellent broad-spectrum coverage against all tested
isolates, including MRSA and MRSE, compared with other ophthalmic antibiotics.
These findings are of particular interest considering that among ocular isolates,
the frequency of MRSE and MRSA in bacterial conjunctivitis is increasing. Overall,
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these data support the use of netilmicin as a first-line agent in the treatment of such
bacterial ocular infections, due to ocular safety, potency and low resistance.
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Chapter 4

Prevalence of Bacterial Ocular
Infections among Patients
Attending Eye Clinic of Aminu
Kano Teaching Hospital and
Murtala Muhammad Specialist
Hospital, Kano

Abdulhadi Sale Kumurya and Khadija Abdulaziz Lawan

Abstract

The eye, a functionally and structurally complex organ, experiences a variety of
bacterial, viral, fungal and parasitic infections. Bacteria are major causative agents of
eye infections that can lead to loss of vision. The objective of this study was to
determine the bacterial etiologic agents associated with ocular infections, antimicro-
bial susceptibility pattern of incriminated isolates and associated factors among
patients who visited the eye unit of Aminu Kano Teaching Hospital (AKTH) and
Murtala Muhammad Specialist Hospital (MMSH). A hospital-based cross-sectional
study was conducted at MMSH and AKTH from 25 May 2021 to 20 July 2021. Speci-
mens from the ocular areas were collected from a total of 88 patients who visited the
eye unit. Specimens were inoculated on blood agar, chocolate agar, MacConkey agar
and mannitol salt agar. Isolated bacteria were identified by a series of biochemical
tests using the standard bacteriological method. Antimicrobial susceptibility test was
performed according to the Clinical and Laboratory Standard Institute by disk diffu-
sion method. Factors that could be associated with ocular infection were collected by
using structured questionnaire. Data analysis was done using SPSS version 16.0 soft-
ware package. A P value less than 0.05 was considered statistically significant. Out of
the total 88 study participants with ocular infections, 78 (88.6%) were culture-
positive. The proportions of Gram-positive and Gram-negative bacteria were 28
(31.8%) and 60 (68.2%), respectively. Among Gram-positive bacteria, Staphylococcus
aureus were predominant. Among Gram-negative bacteria, Heamophillus influenzae
were predominant. Most of the isolates were susceptible to ofloxacin and resistant to
amoxicillin-clavulanic acid. Majority of ocular infections in this study were caused by
bacteria; Gram-negative bacteria were responsible for most cases.

Keywords: ocular infection, bacterial profile, review

55 IntechOpen



Eye Diseases - Recent Advances, New Perspectives and Therapeutic Options

1. Introduction

The eye, a functionally and structurally complex organ, experiences a variety of
bacterial, viral, fungal and parasitic infections [1]. Bacterial infections are the major
contributors of ocular infections worldwide. Infection can be mono or poly-microbial
and is associated with many factors including contact lenses, trauma, surgery, age, dry
eye state, chronic nasolacrimal duct obstruction and previous ocular infections [2].

Staphylococci are the leading ocular isolates worldwide among the Gram-positive
bacteria [3]. Whereas Pseudomonas aeruginosa, Klebsiella pneumoniae and Escherichia
coli are the major Gram-negative bacteria isolated from ocular Infections [4]. The eye
may be infected from external sources or through intraocular invasion of microor-
ganisms that are carried out by blood stream [5]. External bacterial infections of the
eye are usually localized but may frequently spread to other tissues.

Infection of the eye leads to conjunctivitis, keratitis, blepharitis, dacryocystitis,
endophthalmitis and other infections which are responsible for increased incidence of
morbidity and blindness worldwide [6].

Ocular infections, if left untreated, can damage the structure of the eye leading to
visual impairment and blindness. Even though the eye is rigid and protected by
continuous flow of tear which contains antibacterial substances, inflammation and
scarring once occurred may not be easily resolved and required immediate
management [7].

Ocular infection is a life-threatening condition which needs early diagnosis and
treatment to save the patients’ eye. In Africa alone, between 1000 and 4000 children
are blinded annually by conjunctivitis [8]. Ocular infections are the second most
common cause for blindness in developing countries [9].

Ocular infections are common in north-western states in Nigeria. In view of the
changing etiological agents documented in other parts of the world and evolving
resistance of infective agents to therapeutic agents, which may increase the risk of
treatment failure with potentially serious consequences [10]. Therefore, up-to-date
information is essential for appropriate antimicrobial therapy and management of
ocular infections [11].

The objective of the study to determine the prevalence of bacterial ocular infec-
tions, the bacterial etiologic agents associated with ocular infections, the bacterial
isolates in patients according to age, sex and other demographic factors and to inves-
tigate the antimicrobial susceptibility pattern of incriminated isolates among patients
attending eye clinic of Aminu Kano teaching hospital and Murtala Muhammad spe-
cialist hospital.

2. Materials and methods
2.1 Sample collection and bacterial identification

A prospective cross-sectional study was conducted at Aminu Kano Teaching Hospi-
tal, which is a tertiary hospital situated in Kano state, Nigeria, and Murtala Muhammad
Specialist Hospital, a secondary healthcare institution and as well a referral centre for a
number of primary healthcare centres, also situated in Kano state. Socio-demographic
data collection and relevant clinical evaluations of 88 patients with bacterial ocular
infections were done using structured questionnaire. The bacterial ocular infections
were clinically defined after patients were examined by an ophthalmologist.
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The specimens were collected from eyelids and conjunctiva using sterile cotton
swab moistened with sterile saline. The swab was rolled over the eyelid margin from
medial to the lateral side and back again. Pus from lacrimal sac (dacryocystitis) and
blepharitis was collected using dry sterile cotton-tipped swab either by applying
pressure over the lacrimal sac to allow purulent material to reflux punctum or by
irrigating the lacrimal drainage system [12]. The swabs were then transported imme-
diately to the laboratory.

Bacterial identifications from eye discharge specimens were performed using
standard procedures. Direct gram staining was done for all specimens. The specimens
were inoculated on a proper culture media; MacConkey agar, Mannitol Salt Agar,
Blood agar and Chocolate agar (Oxoid Ltd. Basingstoke, Hampshire, UK). The inocu-
lated plates was incubated for 24 hours at 37°C. The aerobic atmospheric condition
was maintained for the MacConkey agar and mannitol salt agar, while the chocolate
agar and blood agar were incubated at 5-10% CO, atmosphere.

All the plates were initially examined for growth after 24 hours. After getting pure
colonies, further identification was conducted using standard microbiological techniques,
which include Gram stain, colony morphology and biochemical tests, namely lactose
fermentation, mannitol fermentation catalase, coagulase, oxidase and indole tests.

2.2 Susceptibility testing

Once pure culture was obtained, a loopful of bacteria was taken from colony and
transferred to a tube containing 5 ml of physiological saline and mixed gently. The
suspension was incubated at 37°C until the turbidity of the suspension becomes
adjusted to 0.5 McFarland standards. The suspension was uniformly rapped on to
Mueller-Hinton agar for non-fastidious organisms and Mueller-Hinton agar with
defibrinated sterile sheep blood (10% V/V) for fastidious organisms. Antimicrobial
susceptibility test was carried out on each identified bacterium using the Kirby-Bauer
disk diffusion method on Muller Hinton agar (Oxoid Ltd. Basingstoke, Hampshire,
UK) based on clinical and laboratory standard institute (CLSI) 2014 guideline. Iden-
tifications and antibiotic sensitivity tests were performed according to the manufac-
turer’s instructions. The antimicrobials used include the following: ceftazidime
(30 pg), cefuroxime (30 pg), erythromycin (15 pg), cefixime (5 pg), gentamicin
(10 pg), ciprofloxacin (5 pg), amoxicillin-clavulanic acid (30 pg), nitrofurantoin
(300 pg), ceftriaxone (30 pg), oflaxocin (5 pg) and cloxacillin (10 pg) (Oxoid,
England). Reference strains of E. coli ATCC 25922 and Staphylococcus aureus ATCC
25923 were used as quality control measure for identification criteria and antimicro-
bial susceptibility tests.

2.3 Quality control

Prior to actual data collection comprehensiveness, reliability and validity of ques-
tionnaires were pre-tested on 10 patients at AKTH and MMSH. All specimens were
collected following standard operating procedure for ophthalmic specimen collection.
The sterility of culture media was ensured by incubating 5% of each batch of the
prepared media at 37°C for 24 hours. Performances of all prepared media were also
checked by inoculating standard strains such as E. coli (ATCC 25922), S. aureus (ATCC
25923) and P. aeruginosa (ATCC 27853) obtained from AKTH (Ramesh et al., 2010).
The qualities of biochemical testing procedures were checked by these reference
strains.
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2.4 Statistical analysis

The data analysis was done using IBM SPSS software package version 16.0. The
results obtained were analyzed using Descriptive Statistics, that is, frequency and
percentages. Categorical variables were analyzed using Chi Square test. Finally, the
results were presented in tables and figure.

3. Result

The study was conducted in Aminu Kano Teaching Hospital and Murtala Muhammad
Specialist Hospital Kano with a total of 88 participants. All participants were examined
for bacterial ocular infection. This chapter brings the summary of the study details of
bacterial ocular infection and, the result are summarized in tables and figures as follows.

3.1 Prevalence of bacterial ocular infections among ocular infection patients

The prevalence of bacterial ocular infection is shown in Figure 1. Out of the 88
study participant who were examined for ocular infection, 78 (88.6%) were culture-
positive and 10 (11.4%) have no growth.

3.2 Bacterial etiology of ocular infections

Among the total bacteria isolated, 28 (31.8%) and 61 (68.1%) were Gram-positive
and Gram-negative bacteria, respectively. Mixed infection was found in 10 partici-
pants (11.3%). H. influenza (29.5%) was the predominant bacteria (Tables 1 and 2).
The predominant bacterium among almost all clinical presentation was S. aureus
(27.3%) except for conjunctivitis where the predominant bacteria were H. infleunza
and S. aureus (Table 3).

11,4%

88,6%
= Growth = No growth

Figure 1.
Prevalence of bacterial ocular infection (n = 78).
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Agent Frequency (n) Percentage (%)
S. aureus 24 27.3
S. pneumoniae 4 4.5
H. influenzae 26 29.5
P aeruginosa 23 26.1
K. pneumoniae 7 8.0
E. coli 4 4.5
Total 88 100

n = frequency, % = percentage.

Table 1.

Bacterial etiologic agents associated with ocular infections.
Antibiotic Concentration Susceptible n Intermidiaten  Resistant n (%)

(ng) (%) (%)

Ceftazidime 30 0 0 26 (100)
Cefuroxime 30 10 (38.5) 0 16 (61.5)
Gentamicin 10 0 1(4) 25 (96)
Cefixime 5 2(7.7) 2(7.7) 22 (84.6)
Nitrofurantoin 300 0 0 26 (100)
Ciprofloxacin 5 19 (73) 1(4) 6(23)
Ofloxacin 5 24 (92.3) 0 2(7.7)
Amoxicillin-clavulanic 30 1(4) 0 25 (96)
acid

Table 2.

Antimicrobial susceptibility pattern of H. influenzae (n = 26).

Variables S. aureus S. p H infl P aeruginosa K pneumoniae E colin P value
n (%) n (%) n (%) n (%) n (%) (%)

Previous infection
Yes 3(3.4) 0 2(23) 4 (4.5) 1(1.1) 0 0.897
No 21(23.9) 4 (4.5) 22 (25) 19 (21.6) 6 4 (4.5)
Clinical presentation
Conjunctivitis 20 (22.7) 4 (4.5) 25 (28.4) 22 (25) 7(7.9) 4(45) 0745
Darcryocytitis 2(2.3) 0 1(11) 0 0
Blephritis 2(2.3) 0 0 1(11) 0 0
Immune status
Immunocompromised 2 (2.5) 0 0 0 0 0.363
Non 22 (25) 4 (4.5) 26 (29.5) 23 (26.1) 7(7.9) 4(4.5)
immunocompromised

KEY: % = Percentage, significance level = P < 0.005.

Table 3.

Distribution of bacterial isolates in patients based on clinical data (N = 88).
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3.3 Antimicrobial susceptibility profile

From 28 Gram-positive bacteria isolated, 20 (71.4%) and 16 (57.1%) were suscep-
tible to ceftriaxone and ofloxacin, respectively. Among 24 S. aureus, 22 (91.6%),21
(87.5%) and 20 (83.3%) were resistant to augmentin, erythromycin and gentamicin,
respectively (Table 4). All Streptococcus pneumoniae isolates were susceptible to
erythromycin (Table 5). Among 60 Gram-negative bacteria isolated, 50 (83.3%) and
55 (91.6%) were susceptible to ciprofloxacin and ofloxacin, respectively. Three-fourth
(75%) of E. coli were susceptible to gentamicin (Table 6). 25/26 (96%), 2/4 (50%), 7/
7 (100%) and 21/23 (91.3%) of H. influenza, E. coli, K. pneumoniae and P. aeruginosa
were resistant to amoxicillin-clavulanic acid (augmentin) (Tables 2, 6-8).

3.4 Socio-demographic data

In the current study, a total of 88 patients seeking treatment for eye infection at
AKTH and MMSH were included; there were no non-respondents. From the total

Antibiotic Concentration Susceptible n Intermidiate n Resistant n
(ng) (%) (%) (%)

Ceftazidime 30 0 1(4.2) 23 (95.8)
Cefuroxime 30 1(4.2) 0 23 (95.8)
Gentamicin 10 2 (8.3) 2(8.3) 20 (83.3)
Ceftriazone 30 15 (62.5) 2 (8.3) 7(29.2)
Erythromycin 15 2(8.3) 1(4.2) 21 (87.5)
Cloxacillin 10 0 2(8.3) 22 (91.7)
Ofloxacin 5 13 (54.2) 1(4.3) 10 (41.6)
Amoxicillin-clavulanic 30 0 2(8.3) 22 (91.7)
acid

Table 4.

Antimicrobial susceptibility pattern of S.aureus (N = 24).

Antibiotic Concentration Susceptible n Intermidiate n Resistant n
(ng) (%) (%) (%)

Ceftazidime 30 0 0 4 (100)
Cefuroxime 30 1(25) 0 3(75)
Gentamicin 10 3 (75) 0 1 (25)
Ceftriazone 30 3(75) 0 1(25)
Erythromycin 15 4 (100) 0 0
Cloxacillin 10 1 (25) 0 3 (75)
Ofloxacin 5 2 (50) 0 2 (50)
Amoxicillin-clavulanic 30 0 0 4 (100)
acid

Table 5.

Antimicrobial susceptibility pattern of S. pneumoniae (7 = 4).
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Antibiotic Concentration Susceptible n Intermidiate n Resistant n
(ng) (%) (%) (%)

Ceftazidime 30 0 0 4 (100)
Cefuroxime 30 1(25) 0 3(75)
Gentamicin 10 3 (75) 0 1 (25)
Cefixime 5 0 0 4 (100)
Nitrofurantoin 300 0 1(25) 3(75)
Ciprofloxacin 5 4 (100) 0 0
Ofloxacin 5 2 (50) 0 2 (50)
Amoxicillin-clavulanic 30 1(25) 1(25) 2 (50)
acid

Table 6.

Antimicrobial susceptibility pattern of E.coli (n = 4).

Antibiotic Concentration Susceptible n Intermidiate n Resistant n
(ng) (%) (%) (%)

Ceftazidime 30 5(21.7) 0 18 (78.3)
Cefuroxime 30 16 (69.6) 0 7 (30.4)
Gentamicin 10 5(21.7) 1(4.3) 17 (74)
Cefixime 5 0 0 23 (100)
Nitrofurantoin 300 3 (13) 0 20 (87)
Ciprofloxacin 5 19 (82.6) 1(4.3) 3(13)
Ofloxacin 5 22 (95.7) 1(4.3) 0
Amoxicillin-clavulanic 30 2(8.7) 0 21 (91.3)
acid

Table 7.

Antimicrobial susceptibility pattern of P. aeruginosa (n = 23).

Antibiotic Concentration Susceptible n Intermidiate n Resistant n
(ng) (%) (%) (%)

Ceftazidime 30 5(71.4) 0 2 (28.6)
Cefuroxime 30 2 (28.6) 2 (28.6) 3 (42.9)
Gentamicin 10 4 (57.1) 1 (14.3) 2 (28.6)
Cefixime 5 4 (57.1) 0 3(42.9)
Nitrofurantoin 300 4 (57.1) 0 3(42.9)
Ciprofloxacin 5 5(71.4) 1(14.3) 1(14.3)
Ofloxacin 5 5(71.4) 1(14.3) 1(14.3)
Amoxicillin-clavulanic 30 0 0 7 (100)
acid

Table 8.

Antimicrobial susceptibility pattern of K.pneumoniae (n = 7).
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Variables Frequency (n) Percentage (%)
Gender

Male 37 42
Female 51 58
Age group

0-3 29 33
4-11 16 18.2
12-17 5 5.7
18-39 21 23.9
> 40 17 19.3
Ethnic group

Hausa 73 83
Fulani 9 10.2
Youruba 3 3.4
Igbo 2 23
Others 1 11
Residency

Rural 61 69.3
Urban 27 30.7

Educational level

Primary 16 18.2
Secondary 21 23.9
Tertiary 8 9.1

Illiterate 11 12.5
Not applicable 32 36.4

n = frequency, % = percentage.

Table 9.
Socio-demographic distribution of the study participants (N = 88).

study participants, 51 (58%), 29 (33%) and 61 (69.3%) were females, in 0-3 years age
group and from rural areas, respectively. Most of the study participants were students
and from hausa ethinic group 73 (83%) (Table 9).

3.5 Clinical presentation

Among 88 study participants assessed, the proportions of clinical finding were as
follows: conjunctivitis 82 (93.2%), dacryocystitis 4 (4.5%), blepharitis 2 (2.3%)
(Table 10).

3.6 Factors associated with ocular infection

None of the factors were significantly associated with ocular infections (P > 0.05).
The proportions of bacterial eye infection among study participants with 0-3, 4-11,
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Clinical presentation Frequency (n) Percent (%)
conjuctivitis 82 93.2
dacryocystitis 4 4.5
blephritis 2 23
Total 88 100.0

n = frequency, % = percentage.

Table 10.
Types of clinical presentations.

12-17, 18-39 and > 40 age groups in years were 29 (33%), 16 (18.2%), 5 (5.7%), 21
(23.9%) and 17 (19.3%), respectively. The proportions of bacteria eye infection in
rural and urban area were 61 (69.3%) and 27 (30.7%), respectively (Table 11). The
proportion of bacterial eye infection among participants with repeated infections was
10 (11.36%) and among non-repeated infection was 78 (88.6%). The proportions of
bacterial eye infection among participants whom are illiterate, primary, secondary,
tertiary and those that are yet to enter school were 11 (12.5%), 16 (18.2%), 21 (23.9%),
8 (9.1%) and 32 (36.4%), respectively (Table 11). Conjuctivitis is the predominant
clinical presentation (Table 10). The proportion of bacterial eye infection among
participants with risk of infection was 2 (2.3%) (Table 3).

4. Discussion

The prevalence of culture-positive ocular infections caused by bacteria found in
this study was 88.6%, and the result is comparable with other previous study reports
conducted in India (88%) [13] and Egypt (87.8%) [14]. Our finding is high compared
with the report from Southern Ethiopia (74.7%) [15], Bangalore (34.5%) [16], Gondar
(47.4%) [17] and Addis Ababa (54.9%) [18]. The difference can be attributed to
geographic location, study period, study population, sanitary condition and laboratory
method used. Gram-negative bacteria were predominant in our study unlike report
from other countries [19]. In the current study, the predominant bacterial isolates
were H. influenzae (29.5%) followed by S. aureus (27.3%). The finding of this study is
not comparable with previous studies conducted in Ethiopia [20], Nigeria [21] and
India. The proportion of Gram-negative bacteria isolated, (31.8%) in this study is high
compared with the report from Ethiopia [22]. Among Gram-negative bacteria isolated
in the present study, H. influenzae (29.5%) was the most prevalent followed by P.
aeruginosa (26.1%), K. pneumoniae (8%) and E. coli (4.5%).

Conjunctivitis was the dominant type of clinical presentation (93.2%) observed in
this study followed by dacryocystitis (4.5%) and blepharitis (2.3%). In this study, the
majority of bacteria were resistant to ceftazidime and cloxacillin, while most of them
were susceptible to ofloxacin. This finding is in agreement with the study conducted
in Gondar, Ethiopia [17], Jimma, Ethiopia [23] and Uganda [24]. The reason for
increased resistance to ceftazidime and cloxacillin may be prior exposure of the iso-
lates to these antibiotics. Moreover, these antibiotics are common, and patients can
access them easily with low price and often can be purchased without prescription
over the counter in different pharmacies [16]. Most of the S. aureus were resistant to
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Variables S. aureus S. pneumoniae H influenzae P aeruginosa K pneumoniae E coli P value

n (%) n (%) n (%) n (%) n (%) n (%)
Gender
Male 12 (13.6) 2(2.3) 9(10.2) 11 (12.5) 2(2.3) 1(11) 0.757
Female 12 (13.6) 2(23) 17 (19.3) 12 (13.6) 5(5.7) 3(3.4)
Age group
0-3 9(10.2) 0 7(7.9) 7(7.9) 3(3.4) 3(3.4) 0.411
4-11 4 (4.5) 1(1.1) 4 (4.4) 5(5.7) 2(2.3) 0
12-17 2(2.3) 0 2(2.3) 0 1(1.1) 0
18-39 3(3.4) 3(3.4) 6 (6.8) 8 (9.1) 1(11) 0
> 40 6 (6.8) 0 7(7.9) 3(3.4) 0 1(1.1)
Ethnic group
Hausa 19 (21.6) 3(3.4) 20 21 (23.9) 7(7.9) 3(3.4) 0946
Fulani 3(3.4) 1(1.1) 3(3.4) 1(1.1) 0 1(1.1)
Yoruba 2(23) 0 1(1.1) 0 0 0
Igbo 0 0 1(11) 0 0 0
Others 0 0 1(1.1) 0 0 0
Residency
Rural 16 2 (2.3%) 17 (19.3%) 19 (21.6) 5(5.7) 2(2.3) 0.609
(18.2%)
Urban 8 (9.1%) 2 (2.3%) 9 (10.2%) 4 (4.5) 2(23) 2(23)

Educational level

Primary 4 (4.5) 1(1.1) 5(5.7) 3(3.4) 3(3.4) 0 0.228
Secondary 3 (3.4) 1(1.1) 10 (11.4) 5(5.7) 1(1.1) 1(1.1)
Tertiary 3(3.4) 2(2.3) 1(1.1) 2 (2.3) 0 0

Illiterate 5(5.7) 0 3(3.4) 3(3.4) 0 0

Not 9(10.2) 0 7(7.9) 10 (11.4) 3 (3.4) 3(3.4)
apllicable

KEY: % = Percentage, significance level = P < 0.005.

Table 11.
Distribution of bacterial isolates in patients based on age gender and other socio-demographic data (N = 88).

ceftazidime (95.8%) and cloxacillin (91.7%); however, 70.8% were susceptible to
ceftriaxone. A similar finding was reported from other parts of Ethiopia [18]. How-
ever, low susceptibility (87.5%) to gentamicin was reported from other parts of
Ethiopia [22]. Like S. aureus, S. pneumoniae (75%) were resistant to cloxacillin; simi-
larly high resistance to penicillin was reported from Ethiopia [20]. S. pneumoniae
isolated in this study were susceptible to erythromycin and gentamicin; this is not in
line with other studies [22], in contrast to another study from Ethiopia [20].

H. influenzae and P. aeroginosa isolates in this study were susceptible to
ciprofloxacin, ofloxacin and were resistant to gentamicin, nitrofurantoin and
amoxicillin-clavulanic acid. E. coli isolates in this study were susceptible to
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ciprofloxacin, ofloxacin and gentamicin and were resistant to amoxicillin-
clavulanic acid, ceftazidime and cefuroxime. K. pneumoniae isolates in this study
were susceptible to ciprofloxacin, ofloxacin and ceftazidime. All of them were
resistant to amoxicillin-clavulanic acid; this is in partial agreement with the
Getahun et al. report.

In the present study, the sensitivity to antibiotics was variable in bacterial ocular
infections and increased resistance to most antibiotics. The fluoroquinolones (cipro-
floxacin and ofloxacin) were highly effective against all bacterial isolates, followed by
ceftriaxone.

In conclusion, in the current study, the most prevalent clinical presentation was
conjunctivitis followed by dacryocystitis. From 88 study participants with ocular
infections, 88.6% were culture-positive. Gram-negative bacteria were the most prev-
alent with H. influenzae taking the largest share. Most of the isolates are susceptible to
ofloxacin and resistant to amoxicillin-clavulanic acid. And none of the factors were
significantly associated with ocular infections (P > 0.05).

The following recommendations are made based on the findings of the study: To
mitigate the burden of bacterial ocular infections, physicians should regard risk
reduction and comply with etiologic approach of diagnosis. Antibiotic resistance
among ocular pathogens is a challenge to the ophthalmologists. Resistance to most
groups of antibiotics is increasing with resultant decline in the effectiveness of many
commonly used topical antibiotics. It remains to be seen whether newer antibiotics
such as besifloxacin will outlive the others before it, especially because of lack of
systemic use. A strategy including judicious use of antibiotics in humans, animals
and agriculture fields along with development of new products having low-
resistance potential is required to end or at least reign in the current trend. Health
education and personal hygiene should be practiced, and additional studies are
needed in this study area.

4.1 Limitation of the study

The limitation of the study was that the lack of reagents limited the diagnosis of
Chlamydia infections.
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Chapter 5

Ocular Manifestations of
COVID-19

Giulia Regattieri, Gabriela Belem and Jordana Sandes

Abstract

The SARS-CoV-2 is a highly infective virus, which is transmitted by exposure to
infectious respiratory fluids. Ocular manifestations occur in 10% of the patients. The
main ophthalmologic manifestation described so far has been conjunctivitis with mild
follicular reaction. The clinical signals usually are conjunctival hyperemia, foreign
body sensation, tearing, dry eye, and photophobia, but there is a wide range of ocular
signals and symptoms described. Fragments of viral RNA could be detected in the
tears of some of these patients. The virus recognizes the ACE-2 receptor in the corneal
epithelium and then gains circulation and spreads to other sites. That would demon-
strate that there may be a tropism from the new SARS-COV-2 with the eye.

Keywords: coronavirus infections, pandemics, signs and symptoms, ophthalmology,
conjunctivitis

1. Introduction

COVID-19 is caused by SARS-CoV2 an enveloped, single-stranded RNA virus
of the Coronaviridae family that emerged in China in 2019 with rapid worldwide
spread becoming a pandemic within months. SARS-CoV-2 is a highly infectious virus,
transmitted by exposure to contaminated respiratory fluids.

Laboratory diagnosis of COVID is usually done by detecting viral fragments in the
upper respiratory tract, but in some patients, these fragments can be detected in the
tear that confirms the ocular route as a possible route of viral inoculation. It has even
been found that detection of viral fragments on the ocular surface can occur earlier
than systemic symptoms (D2 of infection) and remain up to day 29, even with a
negative nasopharyngeal swab.

2. Physiopathology

There are some theories proposed to explain the pathophysiology of viral inocula-
tion into the human conjunctiva. The main ones are direct inoculation of infected
droplets on the ocular surface (cornea and conjunctiva); migration of the virus from
the upper respiratory tract through the nasolacrimal duct to the ocular surface; and
hematogenous infection of the lacrimal gland. All these theories are based on the
presence of the ACE2 receptor, essential for the entry of SARS-CoV2 into human
cells, in several structures of the human eye [1-3].
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Figure 1 shows an illustration of the theory of direct inoculation of the virus on
the ocular surface by binding to the ACE2 receptor.

SARS-CoV-2 enters the target cells by binding the viral Spike (S) protein to the
ACE?2 receptor, followed by its initiation by the (TMPRSS2) protein. The ACE2 recep-
tor is present in several organs of the body, including various structures of the human
eye such as the cornea, conjunctiva, iris, ciliary body, and aqueous humor.

Note in Figure 2 this distribution in different tissues of the body.

1 2 VIRUS COMES INTO CONTACT WITH
EXPOSURE OF THE CORNEA TO THE ACE-2 RECEPTCR IN THE
SARS-COV-2 SARS:COV-2 CORNEAL EPITHELIUM
BLOOD VESSEL
% CORNEAL CELL
\ e
i KrT 4
i e ,,LM VIRUSES GAINS CIRCULATION
L E— AND SPREADS TO OTHER SITES
\(\\g IN THE BODY
# 3
THE VIRUS INSIDE THE CELL IS RECOGNIZED BY
THE ANTIGEN-PRESENTING CELLS, WHICH
TRIGGERS THE MEDIATED IMMUNE RESPONSE
Figure 1.

Source: Cortesy by Cunha CEX, 2020. This figure was designed using freepik.com resources (https://brfreepik.
com/). The physiopathology illustrated was described by Napoli et al.

” ACE2 RECEPTOR DISTRIBUTION
IN DIFFERENT ORGANS

SMALLER EX ON
OF ACE2

. . EYES

n KIDNEYS

INTESTINE

CARDIOVASCULAR

LUNGS

T e GREATER EXPRESSION
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Figure 2.
Source: Cortesy by Cunha CEX, 2020. This figure was designed using freepik.com resources (https://brfreepik.
com/). Distribution of the ACE2 receptor in different tissues of the body as presented by Amesty et al.
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3. Ocular manifestations

In general, ocular manifestations of COVID-19 are rare. The prevalence of ocular
disease is about 11.03% (ranging from 2% to 32%) [4-7].

This data suggest that approximately one out of 10 patients shows at least one
ocular symptom.

According to Nasiri et al., the weighted mean between the onset of ocular manifesta-
tions and systemic disease was 0.04 days (range, 1-3 days). However, the weighted mean
between systemic disease and ocular manifestations was 1.5 days (range, 2-21 days) [5].

The most prevalent ocular manifestation in patients with COVID-19 is follicu-
lar conjunctivitis, corresponding to 90% of ocular findings [5, 8]. Most frequent
symptoms are dry eye or foreign body sensation (16%), eye redness (13.3%), tearing
(12.8%), and itching (12.6%) (see Table1).

Characteristics N (%)

Symptom and sign (n =932)

Dry eyes or foreign body sensation 138 (16.0)
Redness 114 (13.3)
Tearing 111 (12.8)
Itching 109 (12.6)
Eye pain 83 (9.6)
Discharge 76 (8.8)
Blurred vision or decreased vision 71(8.2)
Photophobia 62 (7.2)
Chemosis 42 (4.9)
Irritation 21 (2.4)
Gritty feeling 14 (1.6)
Burning sensation 8 (0.9)
Lid edema 8 (0.9)
Subconjunctival hemorrhage 3(0.3)
Pseudomembrane and hemorrhage 2(0.2)
Pseudodendrite 1(0.1)
Subepithelial Infiltrates 1(0.1)
Water secretion 1(0.1)
Disease (n =89)

Conjunctivitis 79 (88.8)
Keratitis 2(2.2)
Episcleritis 2(2.2)
Keratoconjunctivitis 2(2.2)
Pingueculitis 1(11)
Hordeolum 2(2.2)
Posterior ischemic optic neuropathy 1(11)

Table 1.

Symptoms and diseases of ocular manifestation in COVID-19 infection included in the reviewed studies
(n = 1,021).
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The association between COVID and dry eye is uncertain because this condition
might be related to wearing face masks and the stream of air against the ocular surface
as well as the overuse of digital devices leading to an evaporative dry eye.

Since conjunctivitis is a common eye condition, ophthalmologists may be the
first medical professionals to evaluate a patient with COVID-19. Therefore, attention
to ocular manifestations, especially conjunctivitis, could increase the sensitivity of
COVID-19 detection among patients during pandemic. As said before, SARS-CoV-2
can be transmitted by tear, so ophthalmologists (mainly given their close contact) and
healthcare providers should wear protective devices, such as protective gears and face
masks while examining a patient [9].

Other less common conditions are keratitis, episcleritis, keratoconjunctivitis,
hordeolum, pingueculitis, and posterior ischemic optic neuropathy. Reports show
associations of COVID-19 with uveitic, retinovascular, and neuro-ophthalmic disease
due to microvascular injury and inflammation [4, 5, 10-16].

3.1 Cornea and conjunctiva

Unspecific signs of mild viral conjunctivitis: unilateral or bilateral bulbar
conjunctiva injection, follicular reaction of the palpebral conjunctiva, watery
discharge, and mild eyelid edema [4].

Bilateral chemosis alone may represent third-spacing in a critically ill patient
rather than a true ocular manifestation of the virus [4].

Cheema et al. described the first case of keratoconjunctivitis: corneal findings that
developed rapidly over 3 days, including transient pseudodendritic lesions and diffuse
subepithelial infiltrates with overlying epithelial defects [8].

Navel et al. observed a case of severe hemorrhagic conjunctivitis and pseudomem-
brane formation [17].

3.2 Sclera and episclera

Cases of episcleritis, anterior scleritis, and necrotizing anterior scleritis have been
reported [18-20].

3.3 Anterior chamber

Acute anterior uveitis has also been reported both in isolation and in association
with COVID-19-related multi-system inflammatory disease [10, 11].

3.4 Retina and choroid

Vascular, inflammatory, and neuronal changes induced by the virus cause poste-
rior segment manifestations. These are less frequent than anterior segment findings.

There are some case reports showing that the most common retinal involvements
are microvascular changes, such as cotton wool spots and microhemorrhages. Usually,
these patients had normal visual acuity and pupillary reflexes. Physiopathology
is related to a complement-induced prothrombic and inflammatory state causing
endothelial damage and microangiopathic injury [6, 21].

Deep retinal capillary plexus ischemia is involved in acute macular neuro-retinopathy
(AMN) and paracentral acute middle maculopathy (PAMM), both observed as hyper-
reflective changes at the level of the outer plexiform and inner nuclear layers [22-25].
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Increased tortuosity of retinal vessels has also been described, but a true relation between
such occurrences and COVID-19 has yet to be established [26].

Central vein occlusion is an important complication of COVID-19 and can occur
in healthy patients as SARS-CoV-2 infection causes endothelial damage and increases
the risk of thrombosis. However, retinal artery occlusion occurred mostly in patients
with additional underlying conditions, such as hypertension, obesity, and coronary
artery disease [26].

In addition, some studies showed hyper-reflective lesions at the level of ganglion
cell and inner plexiform layers more prominently at the papilomacular bundle in
patients with COVID-19 [27].

Other studies evaluated changes in retinal microvasculature and retinal layers
in patients who recovered from COVID-19 with spectral domain optical coherence
tomography (OCT) and optical coherence tomography angiography (OCTA).

OCT-A was performed in patients 6 months post SARS-CoV-2 pneumonia and
revealed a significant reduction in vessel density of the superficial capillary plexus
and deep capillary plexus as well as retinal nerve fiber layer (RNFL) thinning. These
findings are probably related to thrombotic microangiopathy events [28, 29]. There is
evidence that retinal layers can be affected, especially in patients with headache and
ocular pain symptoms during the COVID-19 period [29].

Other retinal findings were seen in patients with COVID-19: Vitritis; hyper-
reflective lesions at the level of the inner plexiform and ganglion cell layers in OCT
(optical coherence tomography); cotton wool spots, microhemorrhages, dilated
veins, and tortuous vessels (due to vascular damage); Purtscher-like retinopathy and
acute retinal necrosis (ARN) in immunocompromised patients (probably related to a
reactivation of latent herpesvirus and breakdown of blood-retinal barrier allowing an
increased inflammatory response) [6, 14-16, 21-23].

Posterior uveitis was observed following COVID-19 infection and vaccine. Cases
of serpiginous, ampiginous, and multifocal choroiditis also have been reported. It is
believed that autoimmunity is involved in these manifestations [22-25, 30].

3.5 Neuro-ophthalmologic manifestations

Several neuro-ophthalmologic manifestations have been observed: Optic neuritis,
papillophlebitis (only one case reported), Adie’s tonic pupil, cranial nerve palsy, neu-
rogenic ptosis, Miller Fisher syndrome, and ocular myasthenia gravis [4, 6, 31-37].

It is already known that the SARS-CoV-2 virus has a neurotropism. Some cases of
bilateral optic neuritis have been described, but it is possible that this is a consequence
of an immune-mediated insult caused by the virus as these patients presented with
anti-myelin oligodendrocyte glycoprotein (MOG) antibodies and cerebrospinal
fluid (CSF) did not reveal virus presence. There have also been reports of acute optic
neuritis following vaccination for COVID-19 [4, 6, 31, 38-41].

A case of multiple sclerosis following COVID-19 infection was reported by Palao
et al. These cases suggest that SARS-CoV-2 can either trigger or exacerbate the
inflammatory and demyelinating disease [39].

3.6 Orbital manifestations

There have been reports of sinusitis, orbital cellulitis, mucormycosis, orbital
myositis, and dacryoadenitis. The most significant of those is mucormycosis as it
is an opportunistic pathogen. The hypoxic respiratory environment induced by
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SARS-CoV-2 added to an immunocompromised state induced by high-dose steroids
and immunosuppressive therapies creates the perfect environment for this fungal
infection [42-48].

Singh et al. published a systematic review of 101 reported cases of COVID-19
patients with mucormycosis; these patients were predominantly male (79%), 80% of
which had diabetes and 15% with concomitant diabetic ketoacidosis [49].

4. Differential diagnosis

COVID has several features that are highly unspecific and can simulate a lot
of other common conditions and most of the time indistinguishable from other
etiologies.

Differential diagnoses are those which present red eye and tearing, for example:

* Other viral conjunctivitis (e.g., adenovirus)

* Bacterial conjunctivitis

* Allergic conjunctivitis

* Herpes simplex virus keratitis

* Anterior uveitis

* Corneal abrasion

* Foreign body

* Dry eye syndrome

* Exposure keratopathy in an intubated patient

* Chemosis in a critically ill patient

5. Ophthalmologic evaluation

A thorough history is necessary regarding the onset, duration, and characteris-
tics of symptoms. All patients should be questioned about recent fever and respira-
tory symptoms. Ophthalmologic evaluation must be complete to rule out other
differential diagnoses. Measurement of visual acuity, intraocular pressure, pupil
and dilated fundus examination, color testing to evaluate patients for evidence of
optic neuropathy, extraocular motility (searching for nystagmus or cranial neu-
ropathies), visual field testing (to investigate deficits related to stroke or
optic neuropathy).

In the presence of optic neuritis or neurologic symptoms, neuroimaging must be
done. Additional serum or cerebrospinal fluid testing may be useful [6].
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6. Treatment/Management

As with other viral infections, COVID-19 conjunctivitis is presumed to be self-lim-
ited and can be managed with symptomatic care. In the absence of mild symptoms,
patients can be managed remotely with preservative-free artificial tears and cold
compresses [6].

7. Guidance and screening recommendations for corneal transplantation
(Eye Bank Association of America, Updated Guidance - March 14, 2022)

EBAA guidance and screening recommendations for COVID-19 pandemic are
based on the latest guidelines from the FDA and CDC as well as available scientific
evidence [50].

The most current set of guidelines specifies criteria for:

1. Donor ineligibility — Donors should be considered ineligible who in the 10 days
prior to death:

a. Were diagnosed with acute COVID-19; OR

b.Tested positive for COVID-19 by direct viral testing methods (e.g., NAAT
and/or antigen); OR

c. Had close contact with a person diagnosed with or suspected to have COVID-19
and developed signs and symptoms of COVID-19, regardless of a plausible
alternative etiology or vaccination history

2.Donors eligibility — Donors should be evaluated for eligibility by a Medical
Director who:

a.In the 10 days prior to death, without a known close contact with a person
diagnosed with or suspected to have COVID-19, developed new signs and/
or symptoms consistent with acute COVID-19 not explained by a plausible
alternative etiology; OR

b.In the 10 days prior to death, had known close contact with a person diagnosed
with or suspected to have COVID-19 AND was asymptomatic; OR

c.In the 11 to 20 days prior to death had a positive test for SARS-CoV-2 AND had
ongoing signs and/or symptoms of COVID-19

EBAA contraindications to transplant are active ocular or intraocular inflamma-
tions, such as conjunctivitis, keratitis, scleritis, iritis, vitritis choroiditis, or retinitis.

Current EBAA Medical Standards require that 5% povidone-iodine solution shall
contact the entire surface of any ocular tissue intended for transplantation at least
twice between the time of the donor’s death and tissue preservation, as povidone-
iodine has been documented ix vitro viricidal activity against coronaviruses.
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Global Alliance of Eye Bank Associations (GAEBA) declared on November 12,
2020 that there is no evidence that coronaviruses can be transmitted by human tissue
or cell transplantation and therefore measures in this response are precautionary, as
there have been no reported cases of transmission of SARS-CoV-2, MERS-CoV, or any
other coronavirus via transplantation of human ocular tissue [6, 51].

The European Eye Bank Association (EEBA) and European Association of Tissue
and Cell Banks (EATCB) refer to guidance provided by the ECDC (European Centre
for Disease Prevention and Control 1st update, April 2020): corneal transplants are
usually disinfected with povidone (PVP) iodine and then stored in organ culture at
30-37°C for at least 14 days. The presence of viruses capable of reproduction after this
procedure seems very unlikely. These data and the absence of known ocular transmis-
sion cases indicate that the risk of COVID-19 cases entering the eye donor pool and
subsequent transmission is theoretical [52, 53].

8. Discussion

SARS-CoV-2 is a highly infectious virus, transmitted by exposure to contaminated
respiratory fluids causing mainly respiratory illness. Transmission by tear is not
unlikely, and the eye can be a way for viral infection. This can be explained by the
ACE2 coronaviruses receptor in the eye cells and that is why protecting the eyes is
essential, especially for healthcare providers.

One out of 10 COVID-19 patients presents at least one ocular manifestation. The
most prevalent ocular manifestation in patients with COVID-19 is follicular con-
junctivitis, corresponding to 90% of ocular findings. The most frequent symptoms
are dry eye or foreign body sensation, eye redness, tearing, itching, eye pain, and
discharge.

It is important to know that the mechanism of dry eye or foreign body sensation is
uncertain as during the pandemic screen time and face masks could also contribute to
tear evaporation.

Attention to ocular manifestations, especially when combined with other
COVID-19 manifestations like respiratory symptoms or fever, could help improve
COVID-19 diagnosis, although ocular involvements are rare and nonspecific. There
is evidence showing that conjunctivitis-related symptoms may occur prior to the
onset of respiratory symptoms and could be the precursors for early diagnosis.
Loffredo and colleagues reported that conjunctivitis in COVID-19 patients was
significantly correlated with disease severity.

Posterior segment findings are less common than anterior segment manifestation.
A few studies showed retinal layer attenuation in OCT. It should be noted that there
is an important correlation between COVID-19 and Central Retinal Vein Occlusion,
even in patients without comorbidities.

Ophthalmic manifestations are varied in terms of presentation, severity,
and timing. Usually, ocular symptoms are mild and improve without further
complications.

9. Conclusion

In general, ocular manifestations of COVID-19 are rare but can be the first symp-
tom of the disease. Follicular conjunctivitis is the most common eye condition, but
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there are described manifestations of COVID-19 in all eye segments. Attention to
ocular manifestations in combination with other COVID-19 manifestations could
help improve COVID-19 diagnosis. SARS-Cov-2 can be transmitted by tear, so oph-

thalmologists (mainly given their close contact) should wear protective devices while
examining a patient.
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Chapter 6

Trachoma

Alada Joel James

Abstract

Trachoma is the most common infectious cause of blindness worldwide. In
children, repeated episodes of infection within cohorts and family with Chlamydia
trachomatis would lead to severe conjunctival inflammation, scarring, and potentially
blinding trichiasis or entropion in later life. Trachoma is a disease associated with
poverty, poor hygiene, and sanitation as well inadequate water supply. Collaborative
control programs are implementing the “SAFE” strategy: surgery for trichiasis,
mass distribution of antibiotics, promotion of facial cleanliness, and environmental
improvement. The SAFE strategy has remained the cornerstone of WHO’s plan to
eliminate trachoma as public health problem, and many countries and districts have
eliminated trachoma by this means.

Keywords: trachoma, poverty, Trichiasis, chlamydia, sanitation, azithromycin, water,
corneal opacity

1. Introduction

Trachoma has been recognized as a cause of blindness since antiquity [1-3]. Early
Egyptian and Chinese manuscripts described its manifestation, therapy, and compli-
cations. Trachoma remains the leading cause of infectious blindness worldwide [4].
The intracellular bacterium Chlamydia trachomatis (C. trachomatis) is the causative
agent, and it causes chronic keratoconjunctivitis [5].

C. trachomatis can spread either directly through interpersonal contact with secre-
tions from the eyes and noses of infected individuals or indirectly via contact with
pieces of clothing or flies that have picked up the bacterium from an infected person
[6]. It has been demonstrated that poor sanitation, overcrowding, and insufficient
clean water and toilets significantly increase the rate of spread [4].

Episodes of repeated reinfection within cohorts and families cause intense con-
junctival inflammation described as active trachoma, which leads to conjunctival
scarring. Scarring from trachoma distorts the normal anatomy of the upper tarsal
plate leading to entropion and trichiasis also known as cicatricial trachoma [7].

The World Health Organization (WHO) along with its partners in 1996 adopted
surgery (S), antibiotics (A), facial cleanliness (F), and environmental improvement
(E) strategy as the best approach for the control of trachoma [8].

The Neglected Tropical Disease Road map 2021-2030 has set 2030 as the target
year for the global elimination of trachoma as a public health problem. Recently,
the Global Trachoma Mapping Project and its successor Tropical Data established
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communities across the globe where elimination efforts should be concentrated to
achieve the goal of eliminating trachoma [9].

2. Epidemiology

Trachoma is endemic in 44 countries, and the highest prevalence are in sub-Saharan
Africa, Asia, Latin America, and the Middle East [4, 6, 10]. C. trachomatis infection occurs
mostly in children, and in areas where trachoma is endemic, the first infection usually
occurs in the first 2 years of life. Even though initial infections may resolve spontaneously,
they are frequently followed by reinfection or superimposed bacterial conjunctivitis [11].
However, the prevalence generally declines to low levels in adults [12].

Complications arising from trachoma may result in severe ocular pains and loss of
vision with its attendant poor quality of life and loss of economic productivity [13]. In
2021, approximately 1.9 million people were blind or suffer significant visual impair-
ment from trachoma with over 136 million people living in communities requiring
trachoma elimination programs [14].

2.1 Morbidity and mortality

Approximately, 1.9 million people are blind because of trachoma [8]. The risk of
mortality in endemic communities is increased among those blinded by the disease [14].

2.2 Poverty

Trachoma is a disease of the poor and deprived [4, 15]. The risk of active trachoma
is higher in households with crowed living spaces and poor sanitation. Trachoma
persists in low- and middle-income countries (LMICs) where resources are scarce
and shared within households [16]. Additionally, the disability that results from the
sequelae of chronic infection with C. trachomatis such trichiasis and corneal opaci-
ties may lead to reduced productivity and unemployment. Demonstrably, trachoma
remains a good proxy of inequality in a population [16, 17]. A study in Ethiopia
found that within communities afflicted with trachoma, individuals and households
affected by trachomatous trichiasis (TT) are significantly poorer economically than
those that are not affected [18]. Trachoma therefore creates a vicious cycle of poverty
that traps those affected.

2.3 Race and sex

Trachoma remains a disease of poverty and poor hygiene. Consequently, trachoma
has no racial predilection [19]. The disease affects the marginalized and deprived
members of the communities [20]. The disease persists in communities with inad-
equate access to water and sanitation and in dry, dusty, and hot climates [15, 21, 22].
Other agents of transmission include dirty faces, eye-seeking flies (particularly,
Musca sorbens), and fomites such as clothing.

Women are usually affected by severe trachoma more than twofold compared to
men [19, 23]. Because women carry the burden of childcare in most endemic commu-
nities, they tend to be more at risk. School age children harbor the active forms of the
disease, thereby increasing exposure to C trachomatis [19].
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2.4 Age

It has been established that active trachoma is a disease of school age children
[24-26]. However, young adults especially mothers have trachomatous scarring. Older
patients and grandparents tend to have trichiasis and corneal opacity [21]. In hyper-
endemic communities, these forms of presentation can occur concurrently [27].

3. Pathophysiology

C. trachomatis serovars A, B, Ba, and C predominate as causative agents of tra-
choma. Serovars D-K may rarely cause a subacute follicular conjunctivitis that except
for scarring, may indistinguishable clinically from trachoma [27-29].

Trachomatous inflammation begins with the recruitment and activation of a host
of leukocytes in the conjunctival tissue [30]. Increased expression of certain prote-
ases like matrix metalloproteinases (MMPS), e.g. MMP7, MMP9, and MMP12, and
pro-inflammatory agents like chemokines and cytokines are associated with severe
disease. Research has shown that the predominant cellular constituents of trachoma
follicles are macrophages, plasma cells with lymphocytic and monocytic infiltrate
[27]. Typically, the follicles are made up of germinal centers with clumps of intense
B-cell proliferation that are surrounded by multiple T cells. Scarring ensues when
conjunctival epithelium lose goblet cells and compact collagen bands replace the
normally freely mobile and vascular subepithelial stroma [7, 31].

3.1 Histopathology/immunology

Histology of conjunctival tissue will reveal a diffuse mixed inflammatory cell
infiltrate of the conjunctiva with mild to moderate epithelial hyperplasia [32]. The
hallmark of trachoma is the presence of lymphoid follicles in the stroma. In late
stages of the disease known as cicatricial trachoma, the conjunctiva will show chronic
inflammatory infiltrate in the substantia propria with lymphocytes predominating
[27, 32, 33]. Additionally, the conjunctival epithelium may show squamous metaplasia
with multiple denuded areas where the underlying stroma may be replaced with
thick, compact scar tissue [34].

Trachoma evades host immune responses through intracellular invasion.
Therefore, the leading sequalae are a result of inflammation rather than infection by
C. Trachomatis. It is now clear that host immunity plays a significant role in clinical
presentation and disease severity [34, 35]. The most likely pathway is that increased
chemokine responses lead to neutrophil activation, chemotaxis, and fibrosis. This is
mediated by the activities of TH1 as a pro-inflammatory as well as TH2 serving as a
potent inducer of anti-inflammatory responses [27, 31].

Blindness from trachoma occurs from conjunctival scarring which is attributed to
recurrent infection. Subconjunctival fibrotic bands eventually cause scar contraction
leading to entropion, trichiasis, and finally corneal opacification [34].

4. Clinical presentation

Trachoma presents in two phases: the active phase and the cicatricial or scar-
ring phase; however, both phases can coexist concurrently [6]. Active trachoma is
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characterized by a mucopurulent keratoconjunctivitis [36]. The conjunctival surface
of the upper eyelid shows a follicular and inflammatory response. The cornea may
have limbal follicles, superior neovascularization also known as pannus, and punc-
tate keratitis [31]. C trachomatis infection may occur concurrently with that of other
extraocular mucous membranes, e.g. the nasopharynx, leading to a nasal discharge.

Most patients with active trachoma are relatively asymptomatic [11].

The cicatricial phase has characteristic clinical features, which can lead to defini-
tive diagnosis in most cases [7, 37].

4.1 Grading

The most widely used grading system for trachoma is the WHO grading (Figure 1)
[38]:

4.1.1 Trachomatous inflammation Follicullar (TF)

Follicular trachoma indicates active disease. It is defined as the presence of five
or more follicles at least 5 mm in diameter in the central part of the upper tarsal
conjunctiva.

4.1.2 Trachomatous inflammation (TI)

Trachomatous inflammation is defined as pronounced inflammatory thickening
of the upper tarsal conjunctiva that obscures more than one half of the normal deep
tarsal vessels.

4.1.3 Trachomatous scarring (TS)

Trachomatous scarring is defined as the presence of easily visible scars in the tarsal
conjunctiva.

Grade Description

TF Trachomatous inflammation — follicular: the presence of 5 or more follicles (>0.5 mm) in the
upper tarsal conjunctiva

Tl Trachomatous inflammation — intense: pronounced inflammatory thickening of the tarsal
conjunctiva that obscures more than half of the deep normal vessels

TS Trachomatous scarring: the presence of scarring in the tarsal conjunctiva
T Trachomatous trichiasis: at least one lash rubs on the eyeball
co Corneal opacity: easily visible corneal opacity over the pupil

Figure 1.

The simplified WHO grading system of trachoma.
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4.1.4 Corneal opacity

Corneal opacity is defined as easily visible corneal opacity over the pupil that is so
dense that it blurs at least part of the pupillary margin when it is viewed through the
opacity.

Corneal opacity or scarring reflects the prevalence of vision loss and blindness
resulting from trachoma.

4.2 Differential diagnosis
* Allergic conjunctivitis
* Viral conjunctivitis
* Bacterial conjunctivitis
* Acute chlamydial infection
* Neonatal conjunctivitis

* Toxic follicular conjunctivitis

5. Diagnosis

Trachoma diagnosis is usually determined clinically using a x2.5 binocular magni-
fying loupe to examine the everted upper tarsal conjunctiva. In non-endemic areas,
the laboratory methods of diagnosis are usually preferred [39].

However, the laboratory detection of ¢ trachomatis is problematic. Firstly, it
requires sophisticated equipment that are hard to acquire or even maintain in tra-
choma endemic communities. Secondly, the services of a specialist microbiologist
or pathologist is often required in order to make accurate and consistent diagnosis
of C trachomatis [40]. Thirdly and most importantly is the fact that clinical signs of
trachoma are poorly correlated with actual evidence of infection demonstrable in the
laboratory [41, 42].

For operational purposes, any modality of C. trachomatis diagnosis will have to
be cheap and reliable and provide rapid results. It becomes apparent, therefore, that
trachoma control programs overwhelmingly rely on clinical signs of trachoma for
diagnosis [43-46].

Even though laboratory tests are not commonly used in the field of the diagnosis
of C. trachoma, they are useful in non-endemic areas as well as in research laborato-
ries. Frequently performed laboratory tests include the following:

1. Polymerase chain reaction (PCR), specifically nucleic acid amplification tests
(NAATS) are most sensitive.

2. Direct fluorescent antibody assay.

3.Enzyme immunoassay.
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6. Treatment and control

Trachoma remains a major public health problem in many endemic countries. A
multifaceted strategy has been advocated as the best approach if success is to be had
beyond the ophthalmology clinic [15]. Following a resolution by the World Health
Assembly in 1998, the World Health Organization (WHO) recommended the “SAFE”
strategy as the most effective means of managing trachoma [38]. It has been opera-
tionalized in all programs aimed at eliminating trachoma. Elimination has been suc-
cessfully achieved in hitherto endemic countries such as Gambia, Morocco, Mexico,

Laos, and Nepal [47-49]. Control programs utilize a four-step approach as follows:
S: Surgery for trichiasis.

A: Antibiotics for chlamydia trachomatis infection.
F: Facial cleanliness.

E: Environmental change to improve sanitation and increase access to clean water.

[ Determine the district-level prevalence of TF in 1 to 9 year old children J

/

TF > 10% TF<10%

Conduct mass antibiotic

Conduct assessment at community level
treatment throughout

district
TF > 10% in TF 5% - 10% in TF< 5% in
community community community
\ \
| |
\ \
Y v
Onduct mass TE<5%in No antibiotic
treatment of community No distribution.
community antibiotic Not a priority
distribution. forF & E
Figure 2.

WHO recommendations for initiating antibiotic treatment for trachoma.
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6.1 Surgery for Trichiasis

Trachomatous trichiasis (TT) afflicts about 8 million people worldwide [50].
Untreated TT will ultimately lead to blinding corneal opacity which is an irreversible
sequela. Eyelid surgeries to avert complications from trichiasis have been extensively
studied. Varying success rates have been reported with several surgical techniques
used in several control programs. The WHO endorsed the bilamellar tarsal rotation
because of its low TT recurrence rate.

6.2 Antibiotics

The WHO recommends mass distribution of antibiotics in communities where fol-
licular trachoma is >10% in children [12]. In 1940, sulfonamide was the first antibiotic
to be used at a large scale to treat trachoma. Over the ensuing decades, several other
antibiotics were evaluated with little success until in 1990 when tetracycline became
the drug of choice.

In more recent decades, azithromycin has been adopted as the drug of choice by
many trachoma control programs because of its many advantages over tetracycline
ointment [51]. For example, azithromycin is a single-dose regime and treatment can
be directly observed to improve compliance significantly.

The WHO has developed guidelines for determining how community treatment
of trachoma based solely on the prevalence of trachoma follicles in children aged
1-9 (Figure 2) [52]. It is recommended that trachoma control programs use either
6 weeks’ regimen of tetracycline eye ointment instilled into the lower conjunctival
sacs two times a day or a single dose of azithromycin (20 mg/kg up to 1 g) [53, 54].
The duration of treatment remains a subject of debate and further research. The
WHO recommends three annual rounds of mass treatment endemic communities
after which a reassessment of active disease will determine whether another round of
treatment will be needed or discontinued [55].

6.3 Face washing

Face washing plays a crucial role in the control of trachoma because it disrupts the
transmission of C. trachomatis by removing potentially infected ocular secretions [56].

6.4 Environmental improvements

Trachoma control programs advocate for improved water supply which is essential
for face washing and sanitation as major contributors of successful control efforts.
Latrine building is particularly advocated and incorporated because in trachoma
control programs, because it limits the preferred breeding ground of the mechanical
vector of C. trachomatis, Musca sorbens. It is to be noted that most of the changes that
tend to improve the control of trachoma will also benefit the general health of the
community [19, 53].

6.5 Prognosis

If the risk of reinfection is eliminated, early identification and treatment lead to
resolution and full recovery [11]. Surgery may have a limited role once corneal scar-
ring develops.
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7. Conclusion

There is a real chance that trachoma will be eliminated as a public health problem
in our lifetime [14, 20]. Following over two decades of sustained “SAFE” strategy,
the disease burden of trachoma has been substantially reduced. As we near the end,
research efforts are now geared toward accurate diagnosis of trachoma infection
and monitoring of symptoms. Several studies have shown that mass distribution
of azithromycin antibiotic also provides ancillary benefits such as the reduction
infectious diseases and childhood mortality [55]. For these efforts to be sustainable,

integrating trachoma programs with other neglected tropical diseases (NTDs) may
prove cost-effective in many ways [44].
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Chapter7

Multimodal Imaging of White Dot
Syndromes

Cristian de los Santos, Lidia Cocho and José Maria Herreras

Abstract

White dot syndromes are an uncommon group of posterior uveitis affecting the
outer retina, retinal pigment epithelium, choriocapillaris, and/or choroidal stroma.
Multimodal imaging, including fundus fluorescein angiography, indocyanine green
angiography, autofluorescence, and optical coherence tomography angiography, has
improved our understanding regarding their pathophysiology, helping us to rename
or even regroup some of these disorders as one disease in opposition to the histori-
cal description. It also provides useful information to evaluate disease activity and
monitor response to treatment. This chapter will review the different findings on
multimodal imaging of these heterogenous disorders and classify them according to
their primary anatomic involvement.

Keywords: white dot syndromes, noninfectious choroiditis, Choriocapillaritis,
multimodal imaging, autofluorescence, optical coherence tomography angiography
(OCT-A), fundus fluorescein angiography (FFA), Indocyanine green angiography (ICGA)

1. Introduction

White dot syndromes are an uncommon group of posterior uveitis affecting the
outer retina, retinal pigment epithelium (RPE), choriocapillaris, and/or choroidal
stroma. However, the clinical finding of white spots itself is variably present, the
pathophysiology, as supported by multimodal imaging, may differ between them and
the clinical course is different. For this reason, the term “noninfectious choroiditis”
has been suggested to be more appropriate [1-4].

These noninfectious choroiditis are the result of autoimmune infiltration of the
choroidal stroma (primary stromal choroiditis) such as birdshot retinochoroiditis
(BRC) or immune-mediated choriocapillaris non-perfusion (primary choriocapil-
laritis) [3] which includes conditions self-resolving as multiple evanescent white
dot syndrome (MEWDS) or sight threatening as acute posterior multifocal placoid
pigment epitheliopathy (APMPPE), multifocal choroiditis (MFC)/punctate inner
choroidopathy (PIC), and serpiginous choroiditis (SC).

Multimodal imaging includes several imaging modalities, such as fundus fluores-
cein angiography (FFA), indocyanine green angiography (ICGA), fundus autofluo-
rescence (FAF), and optical coherence tomography (OCT) and optical coherence
tomography angiography (OCT-A), that play a key role, in determining the primary
level of tissue involvement, evaluate disease activity, and monitor response to
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treatment. The aim of this chapter is to describe the different findings on multimodal
imaging of these heterogenous disorders.

2. Primary stromal choroiditis with additional independent retinitis:
birdshot retinochoroiditis (BRC)

It is also known as vitiliginous chorioretinitis [5], and it is a bilateral, asymmetric,
and progressive disease without known systemic involvement first described in 1980
by Ryan and Maumenee [6] that predominates in Caucasian women past the fourth
decade of life and presents a strong association with HLA-A29 (90-95%) [7]. Because
of this strong association, the disease should be better called HLA-A29 BRC [3]. Early
symptoms include floaters, decreased vision, and photopsias, and later, it can present
with nyctalopia, decreased color vision, and diminished contrast sensitivity. All these
complaints may be related to vitritis, macular or optic disk edema and/or outer retina
atrophy, or other complications. Multimodal imaging shows a dual and independent
retinal and choroidal inflammation in BRC.

Fundus photography is useful in documenting retinal vasculitis of large veins,
papillitis, and the classic depigmented ovoid spots that are more prominent inferona-
sal to the optic disk (Figure 1) and radiate to the equator. These choroidal spots typi-
cally indicate stromal scars and may never appear if the disease is treated early [3].

FAF exhibits hypoautofluorescent spots if RPE atrophy occurs more numerous
than clinically and sometimes is not uniformly correspondent with the birdshot cho-
roidal lesions suggesting a dual independent RPE damage by inner retina and choroid.
A placoid macular hypoautofluorescence which correlates with poor visual outcome
may also be seen [8].

b
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Figure 1.

Thgis patient presents mild vitritis, birdshot choroidal depigmented spots. (a) FAF shows optic nerve leakage and
phlebitis in both eyes. Petaloid macular leakage is seen in late phase in the left eye. There is also “quenching” of
the dye in the right eye. (b) Optical coherence tomography (OCT) in the left eye demonstrates ERM and CME.
(c) In advanced stage, there is choroidal thinning in both eyes on OCT. (d) ERM: Epiretinal membrane; CME:
Cystoid macular edema.
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FFA shows optic nerve hyperfluorescence, vascular leakage (predominantly
phlebitis), and macular leakage (Figure 1) [9]. Moreover, circulation times are called
to be “delayed” in the venous circulation but in fact is a pseudo-delay or “quenching”
of the dye due to diffuse capillary leakage of fluorescein into the surrounding tissue
so that there is not enough dye to normally mark the veins (Figure 1) [10]. Active
choroidal inflammatory lesions are not generally visible until they affect the overlying
RPE appearing hypofluorescent in early phases with subtle late staining [11].

ICGA shows more numerous choroidal lesions and even before than clinical
examination or FFA. They are seen as multiple hypofluorescent round spots in the
early and mid-phases becoming isofluorescent in the late angiographic phase if active,
probably, partial thickness granulomas, indicating non-penetration of the dye only at
the site of inflammatory choroidal infiltrates. If the lesions remain hypofluorescent
in late phase, it may be due to full thickness lesions or that the lesions have become
atrophic [12, 13]. Also, there may be seen fuzzy vessels in active disease showing
choroidal vasculitis during the intermediate and late phases [11-13].

OCT may show cystoid macular edema (CME), secondary epiretinal membrane
(ERM) (Figure1), loss of ellipsoid zone (EZ) with RPE degeneration beneath the
areas of photoreceptor involvement, as well as other complications, such as macular
atrophy, optic atrophy, and rarely, choroidal neovascularization (CNV). Enhanced-
depth OCT imaging may be useful to evaluate choroidal thickening early in the
disease and thinning in advanced disease (Figure1).

En-face OCT-A has identified areas of flow void in the Haller layer correspond-
ing to those hypofluorescent spots on ICGA with initial sparing of the choriocapil-
laris, thereby supporting the primary involvement of choroidal stroma in the
disease with secondary involvement of choriocapillaris and the RPE [14]. It also
demonstrates retinal capillary density reduction at the deep retinal capillary plexus
level, which may indicate that ischemia, in addition to inflammation, may play a
role in the development of retinal neovascularization (NV), retinal thinning, and
reduction of visual function [15]. Other changes in both the superficial and deep
capillary plexus that may explain the common finding of CME in BRC have been
documented such as capillary dilatations and loops, telangiectatic vessels, increased
intercapillary space, and decreased capillary density without a change in the size
of the foveal avascular zone (FAZ) [16-18], and alternatively, it has been found a
larger area of FAZ [19].

3. Primary choriocapillaritis

3.1 Acute posterior multifocal placoid pigment epitheliopathy (APMPPE)/acute
multifocal ischemic choriocapillaritis (AMIC)

APMPPE is an idiopathic, commonly bilateral although asymmetric, disorder
affecting young healthy adults who complain of having visual loss, photopsias, and
paracentral scotomas of acute onset. However, there have been some unilateral cases
or delayed involvement of the second eye by several weeks [20].

The disease origin was first attributed to the RPE by Gass in 1968 [21]; hence the
name, however, Deutman and coworkers [22], in the same period, hypothesized that
itis a disease primarily affecting the choriocapillaris; therefore, they suggested the
name acute multifocal ischemic choroidopathy (AMIC). This last term seems to be
more proper as multimodal imaging has demonstrated [9].
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Fundus photography shows multifocal, yellowish creamy, or pale discolored
placoid chorioretinal lesions [23], located posterior to the equator (generally at the
posterior pole) (Figure 2) that tend to progressively fade over the weeks, although
new lesions may appear more peripherally later without extending beyond the equa-
tor, resulting in hyperpigmentation (clumping of pigment) and chorioretinal atrophy
with potential damage to visual function.

FFA shows hypofluorescent lesions in early phases due to choriocapillaris non-
perfusion, becoming hyperfluorescent by exudation and pooling in late frames due to
increased permeability of retinal vascular plexuses induced by the massive ischemia
in choriocapillaris and therefore in the overlying outer retina (Figure 2), which
correspond to the yellow discolored plaques seen on fundus examination [3]. Inactive
lesions appear hyperfluorescent due to window defects derived from RPE atrophy and
blocked fluorescence from pigment clumping [24].

ICGA exhibits geographic hypofluorescent spots across all phases due to chorio-
capillaris non-perfusion. Acute lesions are more numerous or extensive than those
seen clinically or on FFA [23] suggesting a primary choroid involvement. Inactive
lesions tend to become smaller, probably due to the absence of swollen outer retina
and RPE secondary to choroidal ischemia, and thus, less blockage [24]. When healed,
hypofluorescence can also completely resolve except for a few areas of persistent
hypofluorescence due to chorioretinal atrophy.

FAF shows hypoautofluorescence in acute lesions due to the blocking effect
of overlying retinal edema [25] and hyperautofluorescence in areas where loss of
photoreceptor outer segments has occurred causing increased exposure of RPE
lipofuscin (Figure 2). Healed lesions develop increased central hyperpigmentation
appearing hyperautofluorescent and a surrounding depigmentation zone that shows
hypoautofluorescence due to RPE dysfunction/damage/atrophy in areas with severe
vascular drop out that do not always correlate with the fundus lesions and/or FFA,
and are fewer in number, implicating a primary choroidal alteration. These patterns
in advanced lesions suggest centripetal contraction of the placoid lesions with atrophy
and depigmentation of surrounding RPE cells [13].

Figure 2.

Pa%ient presents a yellowish confluent placoid choriovetinal lesion. (a) On optical coherence tomography
(OCT), there is loss of outer retina and EZ with a hyperreflectivity lesion nasal to the fovea. Optical coherence
tomography angiography (OCT-A) demonstrates flow deficit at the level of choriocapillaris. (b) Later, FFA
was made showing early hypofluorescence and late hyperfluorescence. (c) FAF shows mixed aveas with hypo/
hyperautofluorescence at the initial visit and hypoautofluorescence in follow-up. (d) EZ: Ellipsoid zone.
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On OCT, there may be hyperreflectivity probably due to ischemic edema or pres-
ence of inflammatory cell infiltrates (Figure 2) [24, 26, 27] with subsequent disrup-
tion or loss of the outer retina and EZ, and sometimes subretinal fluid. As the lesions
resolve, RPE disruption or atrophy may also occur. OCT-A demonstrates that this
changes correlate with greater areas of hypoperfusion at the level of choriocapillaris
being detected also on FFA and ICGA [9].

All these findings thus support the theory that APMPPE/AMIC is a disorder
primarily caused by ischemic events occurring in the choriocapillaris and secondarily
affecting the outer retina and RPE.

3.2 Serpiginous choroiditis (SC)

SC is a bilateral, although asymmetric, progressive, and recurrent ocular disorder,
representing the most severe form of primary choriocapillaritis, probably because the
vaso-occlusive involvement occurs in the larger arterioles producing a more wide-
spread choriocapillaris non-perfusion with secondary involvement of the outer retina
and RPE, and leading to an extensive and irreversible chorioretinal scarring if not
treated promptly, in contrast to MEWDS, which involves the more distal end-chorio-
capillary vessels, causing less ischemia and consequently less damage that frequently
is reversible [4]. Patients report decreased vision, metamorphopsias, scotomas, and
photopsias.

Fundus photography shows gray-white-yellow choroidal active lesions [28] which
start from the peripapillary region and spread centrifugally in a serpiginous pattern,
hence the name. Rarely, macular may present without peripapillary involvement.
Over time, these lesions become pigmented chorioretinal scars and recurrences can
occur at the border of these atrophic lesions, weeks to years after prior episodes of
inflammation (Figure 3).

FFA reveals active lesions with early diffuse hypofluorescence probably by block-
age of the underlying choroidal fluorescence by swollen outer retina and RPE cells
and/or impaired perfusion of choriocapillaris [24, 29] with late hyperfluorescence
at the borders [28] by leakage of surrounding intact choriocapillaris [29]. Gradually,

Figure 3.

This patient presents a peripapillary choriovetinal scar affecting also the macula. (a) On FAF, lesions appear
hypoautofluorescent. (b) OCT shows outer retina/RPE loss and choroidal thinning in the atrophic areas. In the
left eye, there is also a subretinal hyperreflective lesion suggestive of CN'V which is better defined by optical
coherence tomography angiography (OCT-A) in the outer vetina and choriocapillaris and with flow signals in
the B-scan. OCT-A also shows flow deficit in choviocapillaris in both eyes. (c) RPE: Retinal pigment epithelium;
CNV: Choroidal neovascularization.
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there is profuse leakage of the dye from larger choroidal vessels which is observed as
hyperfluorescence of the lesion [30]. Early hyperfluorescence with late leakage may
represent CNV; usually at the edge of lesions. Older atrophic lesions appear early
hypofluorescent by the choriocapillaris atrophy and in late phases hyperfluorescent by
diffuse staining of the chorioretinal scar [29]. Some areas show hypofluorescence by
blockage (masking effect) from pigment clumping [3].

On ICGA, lesions appear hypofluorescent throughout all phases and are more
extensive than FFA or clinically, as it represents both atrophic and active chorio-
capillaris non-perfusion which explains the pathophysiology. In addition, there
may be a diffuse perilesional hyperfluorescent halo that indicates progression of
disease [3].

OCT-A demonstrates areas of flow deficit at the level of the choriocapillaris which
correlate the hypofluorescence on ICGA, what confirms the choriocapillaris non-
perfusion as a primary alteration. Also, it is helpful in detecting CNV and monitoring
treatment (Figure 3).

OCT shows outer retinal/RPE loss and choroidal thinning in the center of atrophic
lesions (Figure 3), and at the border there is hyperreflectivity and thickening of the
outer retina corresponding with ICGA halo around atrophic lesion and disruption of
the EZ representing active lesions.

On FAF, active lesions appear with central hypoautofluorescence, when
choriocapillaris and RPE are lost, surrounded by a hyperautofluorescent halo as
choriocapillaris and RPE are still present but there is loss of photoreceptor outer
segments (Figure 3).

3.3 Relentless placoid chorioretinitis (RPC)/ampiginous choroiditis (AC)

Ampiginous choroiditis is an uncommon variant that overlap features of both
APMPPE/AMIC and SC [9]. It is characterized by chronic and recurrent clinical
course as SC unlike APMPPE/AMIC. Fundus photography shows an atypical distri-
bution of lesions in the mid-periphery and posterior pole in contrast to APMPPE/
AMIC or SC which are usually limited to the posterior pole (Figure 4) and are smaller
than SC and APMPPE/AMIC, approximately 1/2 disk area and more numerous than
APMPPE/AMIC (50 or more). There is often active disease in both eyes simultane-
ously with white placoid lesions present throughout the fundus [31] in contrast to
serpiginous chorioretinitis in which usually only one eye is active at a time [24].

Angiographic changes are comparable to SC [9, 23], but active lesions may start
distant from previous lesions, but in SC they usually start at margin of an atrophic
scar [31]. FAF shows a marked hypoautofluorescence in areas of chorioretinal atrophy
(Figure 4) [24] and OCT-A detects flow reduction at the level of the choriocapillaris
which is also the pathophysiology of both SC and APMPPE/AMIC [32].

3.4 Idiopathic multifocal choroiditis (MFC)/punctate inner choroidopathy (PIC)

MFC is a chronic and recurrent bilateral inflammatory disease that predominantly
affects healthy myopic White women in their third to fifth decade of life with no
known associated systemic or ocular diseases [9, 33]. It was first called multifocal
uveitis and panuveitis [34], although the panuveitis finding in most cases is absent
or rarely seen with minimal vitreous or anterior inflammation. Therefore, a group
of experts merged different sub-entities that have been described separately in the
past, such as PIC, pseudo-POHS (presumed ocular histoplasmosis syndrome) in
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Figure 4.

This patient has an initial presentation as APMPPE/AMIC in the right eye and as SC in the left eye, but then the
lesions were extending and affecting both the posterior pole and the mid-periphery leaving chorioretinal atrophy (a)
seen as hypoautofluorescence on fundus autofluorescence (FAF). (b) APMPPE/AMIC: Acute posterior multifocal
placoid pigment epitheliopathy (APMPPE)/acute multifocal ischemic choriocapillaritis; SC: Serpiginous choroiditis.

Figure 5.

Atrophic choriovetinal lesions. (a) Optical coherence tomography (OCT) shows sub-RPE hyperveflective lesions
with overlying outer retina disruption and thinning of choroid. There is also disruption of RPE/Bruch complex
with hyperreflectivity beneath. (b) RPE: Retinal pigment epithelium.

non-endemic areas, progressive subretinal fibrosis, and others, with the single term of
idiopathic multifocal choroiditis, regarding them as the same disease [35]. Symptoms
include photopsias, blurred vision, and scotomas.
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Figure 6.
Schlaegel lines.

Fundus photography shows numerous randomly distributed yellow-white chorio-
retinal lesions that leave atrophic scars with variable degree of pigmentation in the
posterior pole around the disk and/or the mid-periphery (Figure 5) that may cluster
forming curvilinear chorioretinal streaks (Schlaegel lines) (Figure 6) [33]. In as
much as one third of cases, there may be seen CNV due to repeated ischemic attacks,
which is more frequent than in other primary choriocapillaritis.

FFA identifies recurrences or acute lesions, even in the absence of clinical scars,
as early hypofluorescence [9, 36], although early hyperfluorescence can also occur
[37-39], and late hyperfluorescence by retinal and subretinal leakage and/or staining
due to severe hypoperfusion of the choriocapillaris causing ischemia of outer retina as
for APMPPE/AMIC [3, 40]. Early hyperfluorescence with late leakage may represent
CNV. Atrophic scars show early hyperfluorescence due to atrophy of the RPE and
outer retina (window defect) [9] and areas of hypofluorescence by blockage (masking
effect) from pigment deposition (Figure 7) [40].

ICGA demonstrates hypofluorescence in new lesions reflecting choriocapillaris
hypo or non-perfusion, sometimes in the absence of clinical signs or changes on FFA
and helps in detecting progression or regression following inflammation suppressive
treatment. Old scarred chorioretinal lesions appear hypofluorescent in all phases [40].

Figure 7.
Atrophic choriovetinal lesions (a) with mixed hype/hypoautofluorescence on fundus autofluorescence (FAF) (b).
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OCT-A identifies reduced flow in the choriocapillaris co-localizing with FFA and
ICGA findings but less extensive, and it is also useful to identify CNV [9, 40, 41].
OCT shows drusen-like sub-RPE material corresponding to fibrosis with overlying
outer retinal disruption and choroidal hyperreflectivity beneath them (Figure 5).
Chorioretinal atrophic areas can also be seen [9, 40].

FAF shows hyperautofluorescence (exposure of RPE lipofuscin due to loss of outer
segments of photoreceptors) and hypoautofluorescence by blockage in cicatricial
areas [9, 40].

3.5 Multiple evanescent white dot syndrome

MEWDS is an idiopathic and unilateral inflammatory disorder first described
by Lee Jampol et al. in 1984 [42] with a predilection for women in their second to
fourth decade of life [27]. As the name indicates, it is self-limited, resolving within
8-10 weeks without sequelae and no need for treatment [43].

Flu-like symptoms may precede ocular manifestations in about half of cases, and
there is also association with influenza and other vaccinations [3, 44]. Patients refer
sudden visual loss, photopsias, dyscromatopsia, and scotomas.

Fundus photography depicts yellowish-white deep chorioretinal lesions, com-
monly located at the posterior pole and extending to mid-periphery (Figure 8).
Foveal granularity is seen, and mild intraocular inflammation can be present in the
form of vitritis and/or optic disk edema.

FAF shows hyperautofluorescence produced by exposure of RPE due to loss of
outer segments photoreceptors/ellipsoid zone and co-localize with ICGA findings
(Figure 8). A particular finding of MEWDs is the presence of foveal granularity seen
as irregular hyperautofluorescence in near-infrared FAF that remains a little longer
than other imaging modalities or clinically [45].

ICGA shows early- to mid-phase hypofluorescence [44] better seen in the late
phase due to lesions in the ellipsoid zone causing thickening of RPE resulting in
abnormal indocyanine green uptake by the RPE [9] or by choriocapillaris non-
perfusion of end-capillary portions [3] which can explain both the self-limited

Figure 8.
Yellowish-white chorioretinal lesions that later resolved. (a) On acute lesions, FFA shows early hyperfluorescence
than persists in late phases and a mild hot disk (D).
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damage and the reversibility of the disease in contrast to other primary
choriocapillaritis [4, 26].

OCT shows loss of EZ zone which corresponds to FAF and ICGA lesions, and accu-
mulation of hyperreflective material over RPE that may extend anteriorly through the
interdigitation zone, EZ, and outer nuclear layer (ONL) [27, 45].

OCTA does not typically detect areas of flow deficit in the choriocapillaris [41, 46]
unless severe damage has occurred showing discrete areas of dropout [47, 48].
Nevertheless, OCTA is probably unable to show end-capillary circulation in contrast to
larger vessels such as in APMPPE/AMIC, MFC, and SC [26] and needs sufficient flow
to identify the presence or absence of vessels, in contrast to ICGA [3, 49].

FFA shows early faint hyperfluorescence (Figure 8) that persists in late phases
in wreath-like configuration [44] probably due to lesions involving the EZ/RPE or
by outer retinal ischemia that in comparison to APMPPE/AMIC is less pronounced
because smaller vessels are affected [3, 26]. Less frequently, optic disk hyperfluores-
cence and focal retinal vascular stain can be seen [44, 50, 51].

Therefore, there is an ongoing debate about pathophysiology of this disorder whether
itis a primary phtoreceptoritis [46] or a primary choriochapillaritis leading to secondary
ischemic damage at the outer retina and RPE [49], and more studies are needed.

4. Secondary choriocapillaritis: acute zonal occult outer retinopathy
(AZOOR)

AZOOR is a primary disease of the outer retina (photoreceptoritis) with a secondary
choriocapillaris involvement. It was first described by JD Gass in 1992 [52] and affects
young- to middle-aged patients (13-63 years), predominantly myopic women which
present an acute onset of scotomas and photopsias in one or both eyes, sometimes associ-
ated with mild vitritis. Furthermore, there may be recurrences in one-third of cases [53].

Fundus photography is normal at presentation, but later can present zonal or mul-
tizonal retinochoroidal atrophy, often seen as peripapillary depigmentation, occasion-
ally with a demarcation line if there is active disease expansion or pigment clumping,
retinal arteriolar attenuation, and focal perivenous sheathing in later stages (Figure 9).

FAF shows a trizonal distribution (Figure 9) of normal autofluorescence outside
the lesion (zone 1), speckled hyperautofluorescence in the rim of the expanding
lesion (zone 2) which correspond to loss of photoreceptor outer segments and
increased exposure of RPE lipofuscin and/or the result of accumulated lipofuscin in
RPE cells due to metabolic overactivity as a response of photoreceptor outer segment
turnover [54, 55], and a central area of hypoautofluorescence within the lesion (zone
3) that indicates RPE and choriocapillaris atrophy [56].

OCT also demonstrates a trizonal pattern corresponding to FAF characterized by
normal retina outside the lesion (zone 1), subretinal hyperreflective deposits and loss
or irregularity of EZ (zone 2) in the rim of the lesion, and EZ, RPE and choriocapil-
laris atrophy (zone 3) inside the lesion (Figure 9), although thinning can also extend
to the inner retina [56].

OCT-A detects markedly reduced flow in choriocapillaris in areas of retinocho-
roidal atrophy [57]. Active lesions may present an increase in the deep flow density
which may be the source of mediators of inflammation, in contrast to inactive phase
where it is decreased, but further studies are needed [55]. En-face OCTA demon-
strates hyperreflective dot structures at the level of ellipsoid zone that might repre-
sent degenerating photoreceptor segments (Figure 9) [58].
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Figure 9.

This patient present a retinochovoidal atrophic lesion inferotemporal to the disk in right eye and two lesions in

the left eye located in peripapillary area and another nasal to the optic disk. (a) Fundus autofluorescence (FAF)
shows hypoautofluovescence inside the lesions and a rim with faint hyperautofluorescence. (b) Optical coherence
tomography (OCT) shows outer retina/EZ atrophy and choroidal thinning, (c) and en-face optical coherence
tomography angiography (OCT-A) at the level of EZ shows hyperreflective dots (more evident in the left eye) in a
hyporreflective background. (d) EZ: Ellipsoid zone.

ICGA also shows a trizonal pattern of preserved fluorescence (zone 1) indicating
choriocapillaris integrity, a late hyperfluorescence with minimal leakage in subacute
areas demarcating the lesion (zone 2), and an inner area of hypofluorescence due to
retinochoroidal atrophy [56].

FFA depicts faint late hyperfluorescence indicating loss of photopigment of
outer segments, except in those areas with retinochoroidal atrophy that are early
and late hyperfluorescent due to window effect. Retinal arteriolar narrowing in
the areas of involvement may be seen. Retinal vessel staining and leakage may be
present [24].

5. Conclusion

In summary, combining multiple imaging modalities, including OCT, FFA,
ICGA, FAF, and OCT-A, may help us in classifying better this heterogenous group
of diseases according to their pathophysiological process and therefore differenti-
ate between one another, detect ocular complications, and monitor response to
treatment.
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Chapter 8
Immunotherapy-Associated Uveitis

Erick Rivera-Grana and Stephanie M. Llop

Abstract

Novel immunotherapies used to treat some cancers, such as checkpoint inhibitors
and target therapies of B-RAF protooncogene and mitogen-activated protein kinase
(BRAF/MEK), have been strongly associated with adverse events related to immune
dysregulation. These effects are known as immune-related adverse events (irAEs).
Uveitis is among the known irAEs, and it occurs in approximately 1% of patients using
these therapies. The uveitis observed in these patients ranges from anterior, interme-
diate, to panuveitis. If irAEs are severe, current recommendations are to stop immu-
notherapy treatment and simultaneously treat the uveitis with steroids (local or
systemic). These oncologic immunotherapies have proved to show positive results in
cancer treatment. Their use has increased with time, showing ocular side effects that
were not reported previously. It is important that ophthalmologists and non-
ophthalmologists are aware of these agents and their potential ocular side effects for
timely diagnosis and adequate management. This chapter will review different
immunotherapies and their potential ocular manifestations and how to diagnose,
monitor, and manage these patients.

Keywords: immune-therapy, uveitis, immune checkpoint inhibitors,
BRAF-/MEK-inhibitor, immune-related adverse events

1. Introduction

Our immune system not only works to fight infections and produce inflammation
but also has the ability to adequately recognize self-antigens to prevent autoimmunity.
As part of our adaptive immune system, T-cells have a selection process in the thymus
in which cells that react too strongly to self-peptides are eliminated to prevent
autoreactivity in a process called central tolerance [1]. Only cells with some response
to MHC complexes and self-peptides are released into the bloodstream. To prevent
autoimmunity, numerous immune checkpoint pathways regulate the activation of
T cells at multiple steps during an immune response, in a process called peripheral
tolerance [1-3]. In this process, some of the immune checkpoints involved are
cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) and programmed cell death
protein 1 (PD-1), which work at different stages of the immune response. Medications
aimed at both of these checkpoint inhibitors work by enhancing endogenous
antitumor activity. BRAF/MEK inhibitors are another group of immunotherapies used
as an anticancer treatment, which works by interfering with B-RAF oncogene muta-
tions, slowing down tumor growth. Checkpoint inhibitors and BRAF/MEK inhibitor
medications work very well as anticancer medications but are not without side effects.
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Side effects caused by these immunotherapies are known as immune-related adverse
events (irAEs). An extensive list of organs can be affected in the myriad of these
irAEs. Although with checkpoint inhibitors, only approximately 1% involve the eye
[4]. For BRAF/MEK therapies, 25-100% of the patient can have ocular side effects [5].
With the ongoing use of these medications, it is essential to recognize these adverse
effects early for adequate management and to prevent further complications. Uveitis
associated with immunotherapy can present in multiple anatomic locations and with
varying degrees of inflammation. The most accepted form of treatment is the use of
topical and or systemic corticosteroids. If the inflammation is severe, enough consid-
eration can be taken to discontinue the anticancer medication. This chapter will
review the most common medications associated with immunotherapy-associated
uveitis and how to diagnose, monitor, and manage these patients.

2. Immune checkpoint inhibitors (ICIs)

T-cell-mediated immunity has multiple steps for selecting specific antigens, traf-
ficking them to different sites, and executing their functions. These steps are regu-
lated by counterbalancing stimulatory and inhibitory signals to maintain balance.
Under normal physiologic conditions, the immune system has a series of modulating
responses to control the duration and amplitude of response to minimize organ dam-
age. These modulations are regulated by special stop signals called immune check-
points. On tumor cells, there is an overexpression of inhibitory ligands and receptors.
With this overexpression, cancer cells can evade T-cell detection of the host immune
system.

The soluble and membrane-bound receptor-ligand immune checkpoints are the
most targeted for cancer therapy. Antibodies that block immune checkpoints do not
target tumor cells directly. Instead, they target lymphocyte receptors or their ligands
in order to enhance endogenous antitumor activity [6]. The two immune checkpoints
that have been most actively studied in the context of clinical cancer immunotherapy
are cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4, also known as CD152) and
programmed cell death protein 1 (PD1, also known as CD279) [6]. Checkpoint inhib-
itors work by blocking the interaction of tumor cells with these ligands leading to
increased antitumor response. Inhibition of the immune checkpoint pathways has led
to the United States Food and Drug Administration’s (FDA) approval of seven drugs
in the United States [7]. Table 1 shows a list of all seven drugs. There are key
similarities and differences in these pathways.

2.1 Cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) inhibitors

CTLA-4 was the first immune checkpoint receptor to be clinically targeted [6]. It is
exclusively expressed on T-cells, where it primarily downregulates cellular activation
[6, 8, 9]. CTLA-4 is a membrane-bound receptor expressed in the plasma membrane
of activated T-cells. During an active immune state, antigen-presenting cells (APCs)
bind to CTLA-4 to attenuate T-cell activity, diminishing host organ damage.

2.1.1 Ipilimumab

Currently, only one FDA-approved ICI targets CTLA-4. The generic name is
Ipilimumab and the trade name is Yervoy (Bristol-Meyers Squib). It is an intravenous
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Name Target checkpoint
Ipilimumab (Yervoy) CTLA-4-blocking antibody
Nivolumab (Opdivo) PD-1-blocking antibody
Pembrolizumab (Keytruda) PD-1-blocking antibody
Cemiplimab (Libtayo) PD-1-blocking antibody
Avelumab (Bavencio) PD-L1-blocking antibody
Durvalumab (Imfinzi) PD-L1-blocking antibody
Atezolizumab (Tecentriq) PD-L1-blocking antibody
Table 1.

FDA-approved immune checkpoint inhibitors.

infusion currently approved to treat metastatic or unresectable melanoma and mela-
noma recurrence. It is also approved for renal cell carcinoma, non-small cell lung
cancer, malignant pleural mesothelioma, and esophageal cancer, but only if used as a
combination therapy with nivolumab, PD-1 receptor antibody. In a study by Dow ER
et al., they found that in patients with immunotherapy-associated uveitis, 96% of all
cases with Ipilimumab were associated with metastatic melanoma [10]. This could be
due to the restrictive indications the FDA has approved this medication use as
monotherapy.

2.2 Programmed cell death protein 1 (PD-1) and programmed cell death ligand 1
(PD-L1) inhibitor

PD-1 is also an immune receptor involved in downregulating T-cell response. PD-1
regulates T-cell activation by binding to two ligands (PD-L1 and PD-L2). Cancer
tumor cells can block antitumor host responses by upregulating PD-1 ligands. PD-1
has similar effects on T-cells as CTLA-4 but differs in its timing of downregulation
and the anatomic location of immune inhibition [3]. PD-1 is more expressed on
activated T-cells, B-cells, and myeloid cells compared to CTLA-4 [2, 3, 11]. While
CTLA-4 functions during the priming phase of T-cell activation, PD-1 functions
during the effector phase, predominantly within peripheral tissues [3, 6]. Chronic
antigen exposure, as it occurs in cancer, can lead to an excess PD-1 expression on T-
cells, leading to a state of “exhaustion” that can be partially reversible by PD-1
pathway blockade [6]. By inhibiting PD-1 pathway with either antibody to the recep-
tor or its ligands, we can increase antitumor activity. There are currently three PD-1
inhibitor medications approved by the FDA (Nivolumab, Pembrolizumab, and
Cemiplimab) and three anti-PD-L1 (Avelumab, Durvalumab, and Atezolizumab).

2.2.1 Nivolumab

Trade name Opdivo (Bristol-Meyers Squib) is a PD-1-blocking antibody. It is
administered via intravenous infusion, currently approved for metastatic melanoma,
non-small-cell lung cancer, metastatic small-cell lung cancer, metastatic squamous cell
carcinoma of the head and neck, urothelial cancer, hepatocellular carcinoma, Hodgkin
lymphoma, and metastatic colorectal cancer. Nivolumab has numerous approved
indications to be used in combination with other therapies, including anti-CTLA-4
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Ipilimumab. Nivolumab + Ipilimumab combination is approved for metastatic
melanoma and renal cell carcinoma.

2.2.2 Pembrolizumab

Trade name Keytruda (Merck) is a PD-1-blocking antibody. It is administered via
intravenous infusion, currently approved for melanoma, non-small cell lung
cancer, head and neck squamous cell cancer, classical Hodgkin lymphoma, primary
mediastinal B-cell lymphoma, urothelial carcinoma, metastatic colon and rectal
cancer, unresectable or metastatic solid tumors with high microsatellite instability,
PD-L1 positive cervical cancer, hepatocellular carcinoma, Merkel cell carcinoma, renal
cell carcinoma, and advanced endometrial carcinoma. Pembrolizumab is the only
approved ICI to demonstrate objective tumor regression [12].

2.2.3 Cemiplimab

Trade name Libtayo (Regeneron/Sanofi Genzyme) is a PD-1-blocking antibody. It
is administered via intravenous infusion, currently approved for metastatic or
advanced cutaneous squamous cell carcinoma and non-small cell lung cancer.

2.2.4 Avelumab

Trade name Bavencio (EMD Serono & Pfizer) is a PD-L1-blocking antibody. It is
administered via intravenous infusion and is currently approved for urothelial and
renal cell carcinoma.

2.2.5 Durvalumab

Trade name Imfinzi (AstraZeneca) is a PD-L1-blocking antibody. It is adminis-
tered via intravenous infusion and approved for the treatment of unresectable stage
I1I non-small cell lung cancer, extensive-stage small cell lung cancer and for bile duct
and gallbladder cancer.

2.2.6 Atezolizumab

Trade name Tecentriq (Genentech) is a PD-L1-blocking antibody. It is adminis-
tered via intravenous infusion. It is approved for the treatment of non-small cell lung
cancer, small cell lung cancer, hepatocellular carcinoma, and melanoma.

3. Immune-related adverse events (irAEs)

With the increasing use of ICIs as novel therapies for cancer treatment, it is
expected to observe more side effects and adverse events secondary to these medica-
tions. The use of ICIs is rising exponentially, with approximately 40% of patients with
cancer in the United States in 2019 eligible for treatment [13]. ICIs are not the only
medication class to cause adverse effects, as other types of immunotherapies can cause
this. With more immunotherapies currently being investigated, the number of avail-
able treatments could exponentially increase over time. Despite the observed clinical
advantages these medications demonstrate, they produce a myriad of side effects that
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can involve several body systems. These side effects are called irAEs. The incidence
and onset of irAEs vary depending on the class and dose of ICIs, the type of cancer,
and factors related to patients [13]. More than two-thirds of reported cases of cancer
immunotherapy-related irAEs are related to ICls, and three drugs (Ipilimumab,
Nivolumab, and Pembrolizumab) are responsible for almost 60% of reported cases
[14]. It is believed that CTLA-4 might be more closely related to causing irAEs since
its mechanism of action is less specific compared to PD-1/PD-L1 medications [10].
The onset of irAEs has been described as occurring as early as within a few days of
ICI initiation and > 1 year after completion of therapy. The median onset is within
2-16 weeks from the commencement of therapy [14-16]. Patients treated with
combined therapy, anti-PD-1/PD-L1 + anti-CTLA-4 have an increased incidence,
severity, and earlier onset of irAEs [13, 14].

The exact mechanism as to why irAEs occur due to ICIs is not entirely understood.
It is important to note that there are differences in the clinical presentation and
frequency of specific irAEs and the organs most commonly involved [17]. The most
frequent irAEs include gastrointestinal, endocrine, and dermatological [18]. Table 2
shows a full list of all reported irAEs. Uveitis only accounts for approximately 1% of

Cardiac o Autoimmune hepatitis o Panuveitis
* Myocarditis® o Eosinophilic hepatitis o Posterior uveitis
o Autoimmune myocarditis ¢ Lymphocytic gastritis ¢ Vogt-Koyanagi-

Harada syndrome

o Myocardial fibrosis * Pancreatitis Pulmonary
* Pericarditis Hematological « Interstitial lung disease®
o Autoimmune pericarditis * Aplastic anemia/pure red cell o Alveolitis
aplasia
o Pericardial effusion * Autoimmune hemolytic anemia o Organizing pneumonitis
o Pericardial tamponade ¢ Autoimmune neutropenia o Pneumonitis
Dermatological * Hemophagocytic o Pulmonary fibrosis
lymphohistiocytosis
* Alopecia areata/universalis * Immune thrombocytopenic o Pulmonary hemorrhage
purpura
* Dermatitis herpetiformis Muscular Renal
* Erythema multiforme * Myalgias® * Acute tubulointerstitial

nephritis/renal tubular acidosis

* Granuloma annulare * Myositis* * Glomerulonephritis

* Lichen planopilaris/planus/ o Anti-synthetase syndrome Skeletal
lichenoid dermatitis

* Panniculitis/erythema o Bulbar myopathy * Arthralgia®/polyarthralgia
nodosum

* Pemphigoid/pemphigus o Dermatomyositis o Arthritis®

* Psoriasis o Diaphragmatic lymphocytic o Monoarthritis

polymyositis

* Pyoderma gangrenosum o Necrotizing myopathy o Oligoarthritis

* Sweet syndrome o Orbital myositis o Polyarthritis

* Vitiligo® Neurological * Enthesitis
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Endocrine

* Aseptic meningitis

« Fasciitis/eosinophilic fasciitis

¢ Adrenitis®

* Encephalitis

* Jaccoud arthropathy

o Adrenal insufficiency

¢ Cranial nerve involvement

¢ Polymyalgia rheumatica

o Cortisol deficiency

o Bilateral hearing loss

¢ Psoriatic arthritis

o Hypercortisolism

o Facial palsy

¢ Rheumatoid arthritis

o Hypoadrenalism

o Oculomotor paresis

* Spondyloarthropathy

o Isolated adrenocorticotropic
hormone deficiency

* Motor neuropathy

* Tenosynovitis

* Autoimmune diabetes mellitus o Acute generalized motor Systemic
neuropathy

* Hyperparathyroidism o Multifocal motor block  Antiphospholipid syndrome
neuropathy

* Hypogonadism * Myasthenia gravis * Lupus

* Hypophysitis® * Neuromyelitis optica spectrum o Lupus nephropathy

disorders

o Autoimmune hypophysitis

o Optic neuritis

o Subacute cutaneous lupus
erythematosus

o Hypopituitarism

o Transverse myelitis

o Systemic lupus erythematosus

o Pan-hypopituitarism

* Polyneuropathies®

« Sarcoidosis

* Thyroiditis®

o Axonal sensory-motor
polyneuropathy

o Cutaneous sarcoidosis

o Autoimmune thyroiditis

o Multiplex mononeuritis

o Pulmonary sarcoidosis

o Hyperthyroidism

o Peripheral sensory neuropathy

o Renal sarcoidosis

o Hypothyroidism

¢ Polyradiculopathies

* Sicca syndrome®/Sjogren
syndrome

o Graves’ disease

o Chronic inflammatory
demyelinating polyneuropathy

* Systemic sclerosis

o Thyrotoxicosis

o Guillain-Barré syndrome

¢ Vasculitis®

Gastrointestinal

Ocular

o Cerebral vasculitis

¢ Enterocolitis®

* Conjunctivitis

o Cryoglobulinaemia

o Ileitis

* Episcleritis/scleritis

o Cutaneous vasculitis

o Ileocolitis

¢ Orbital inflammation

o Eosinophilic granulomatosis
with polyangiitis

o Ischemic colitis

¢ Uveitis®

o Giant cell arteritis

o Microscopic colitis

o Anterior uveitis

o Pulmonary vasculitis

o Ulcerative colitis

o Chorioretinopathy

o Henoch-Schoénlein
purpura

* Hepatitis®

o Iridocyclitis/iritis

*More than 100 cases
reported.

Obtained from Ramos-Casals M, Brahmer JR, Callahan MK, et al. Immune-velated adverse events of checkpoint
inhibitors. Nat Rev. Dis Prim. 2020;6 (1). doi:10.1038/541572-020-0160-6.

Table 2.
Organ-based reported irAEs.
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patients with irAEs. However, it is of utmost importance to be aware of it since delay
in diagnosis and treatment could lead to detrimental irreversible visual consequences.

Treatment depends on the organ system affected and the grade of toxicity
according to the Common Terminology Criteria for Adverse Events (CTCAE)
classification. Specific treatments for irAEs beyond uveitis are out of the scope of this
chapter. However, some of the treatments used are glucocorticoids, hormone
replacement, immunosuppressive agents, IV immunoglobulin, plasma exchange, and
monoclonal antibodies.

4. Target therapies of proto-oncogene B-RAF and mitogen-activated
protein kinase BRAF/MEK

ICIs are not the only immunomodulatory medication associated with uveitis.
Approximately 25-100% of patients treated with BRAF/MEK inhibitors develop ocular
adverse effects [5]. These medications are primarily used in the treatment of melanoma.
Nearly 50% of the patients with advanced melanoma have BRAF (V600E) mutations
[19]. The MEK gene is closely connected to the BRAF gene, so drugs that target MEK
also help with BRAF mutation melanomas. BRAF inhibitor drugs as monotherapy have
shown high rapid response rates not previously seen in melanoma patients. However,
the duration of responses is limited in most patients. The same occurs in MEK
monotherapy. The combination of BRAF/MEK inhibitors has shown significant
improvement in response rates [19]. BRAF inhibitors include vemurafenib (Zelboraf),
dabrafenib (Tafinlar), and encorafenib (Braftovi). MEK inhibitors approved are
trametinib (Mekinist), cobimetinib (Cotellic), and binimetinib (Mektovi).

A cohort study by F. Dimitriou et al., published in 2021, investigated if the occur-
rence of uveitis under treatment with BRAF/MEK and ICI is more frequent than in a
general population of patients without treatment for cutaneous melanoma and found
that patients treated with BRAF/MEK inhibitors had a two-fold higher hazard of
developing uveitis. Clinical findings were similar in patients treated with ICI and
BRAF/MEK inhibitors. They do not specify treatments but state that the course was
complicated in four of eleven patients requiring systemic steroids. No patients had to
discontinue their cancer treatment due to the uveitis. There are minimal reports of
BRAF/MEK clinical trials, which could account for an underreporting of rare adverse
events, such as uveitis [5]. But as we gather more data, more information can be
gathered, and more accurate treatment and diagnostic recommendations can be made.

5. Immunotherapy-associated uveitis

The medical term for intraocular inflammation is uveitis. Uveitis is an inflamma-
tion involving uveal tissue, consisting of its three main components: iris, ciliary body,
and choroid. The etiology can be of infectious or non-infectious inflammatory origin.
This difference is essential to establish when diagnosing patients with intraocular
inflammation since the treatments will differ vastly. Immunotherapy-associated uve-
itis is the term given to patients who develop intraocular inflammation while taking
immune-modulating medications. The novel immunotherapies being used to treat
cancer have been linked to causing uveitis. The overall reported incidence is 1%,
although patients with a combination of ICIs might have a higher incidence [4, 10, 13].
The median onset is 5-9 weeks, depending on various reports [10, 13]. But it can range
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from 1 to 72 weeks [13]. There is a difference in the onset and severity of uveitis
depending on the type of ICI used. Some reports have stated an incident of uveitis in
64% of patients taking the anti-CTLA-4 Ipilimumab [20]. It is important to note that
most PD-1 and PD-L1 medications have been approved by the FDA for less time and
have fewer indications than Ipilimumab, which could also be a reason for the
decreased reported incidence.

A comprehensive literature review of 126 cases of immune checkpoint-associated
uveitis in 2020 by E.R Dow et al. showed that 93.5% of patients had bilateral inflam-
mation. The most common anatomic location was anterior with 37.7%, followed by
panuveitis at 34.0%, posterior at 25.7%, and intermediate at 0.01% [10]. They also
noted that five of their eight unilateral cases were from single case series, suggesting a
possible disconnect between the descriptions and interpretations of laterality. Com-
paring the IClIs, Ipilimumab had the highest anterior uveitis percentage, while
atezolizumab had the highest percentage of posterior uveitis. Interestingly the poste-
rior findings of atezolizumab resembled deep capillary ischemic pathologies such as
acute macular neuroretinopathy and paracentral acute middle maculopathy with ret-
inal vasculitis or venulitis, while 0% of anterior uveitis. Another common posterior
uveitis finding was a Vogt-Koyanagi-Harada (VKH)-like syndrome. This VKH-like
presentation gives us more insight into the pathophysiology associated with immune-
associated uveitis, which may represent a spectrum of autoimmune diseases within
the eye due to a loss of tolerance in an immune-privileged organ and the subsequent
development of T-cell- driven inflammation [8].

Presenting symptoms may include blurred vision, change in color vision, photo-
phobia, visual distortion, scotomas, visual field changes, double vision, tenderness,
pain with eye movement, eyelid swelling, proptosis, redness, and dryness [13].
Symptoms may not always correlate with the severity of inflammation. Unfortu-
nately, no standardized controlled trials are available, and there is no information
regarding whether the onset is acute or insidious in these immunotherapy-associated
uveitis cases. Below we will discuss grading systems used as well as monitor and
treatment recommendations.

5.1 Grading

Uveitis grading is based on the terminology proposed by the Standardization of
Uveitis Nomenclature for disease classification criteria (SUN Criteria) [21]. It assigns
a name based on the predominant anatomical location of active intraocular inflam-
mation. The SUN criteria subdivide the eye into anatomic compartments; anterior,
which refers to inflammation in the anterior chamber, intermediate = inflammation
located in the vitreous cavity, anterior/intermediate = inflammation equally located in
the anterior chamber and vitreous cavity, and posterior = inflammation located in the
retina and/or choroid. Panuveitis is termed when all compartments of the eye are
equally inflamed. As part of the SUN Criteria classification, they also established a
grading system to quantify intraocular inflammation. This consists of grades 0.5+ to 4
+ cells. Refer to Table 3 for grading classification.

The CTCAE is used to grade ocular, and other irAEs secondary to immunother-
apies used to treat cancer. The most recent version grades uveitis as follows: grade 1
refers to anterior uveitis with trace cells (0.5+), grade 2 refers to anterior uveitis with 1
to 2+ cells, grade 3 to anterior uveitis with 3+ or greater cells or intermediate/
posterior/panuveitis, and grade 4 to 20/200 vision or worse in the affected eye [22].
Though a helpful guideline, the CTCAE has limitations since it does not consider
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0 <1

1+ 1-5

2+ 6-15

3+ 16-25

4+ 26-50

5+ >50
Table 3.

SUN criteria grading for anterior chamber cells.

prior/baseline ophthalmological conditions that could affect visual acuity. The CTCAE
cannot be accurately applied to patients with decreased baseline visual acuity.

5.2 Treatment options

Immunotherapy-associated uveitis is a phenomenon that has been rising with the
increased use of ICIs. Currently, no randomized controlled trials are available to
provide specific treatment algorithm recommendations since most cases have been
reported through case reports and small case series. The most common treatment for
immunotherapy-associated uveitis is topical corticosteroids. The main goal is to keep
patients on glucocorticoids for as little time as possible and maintain them on their
possible life-saving anticancer medication without interruption. General recommen-
dations are to slowly taper the corticosteroids over 4-6 weeks after clinical improve-
ment is confirmed.

In recognition of an increasing need for guidance, The American Society of Clinical
Oncology (ASCO) and the National Comprehensive Cancer Network (NCCN)
partnered to develop guidelines on the management of irAEs, which are resumed in
Table 4 [13, 23, 24]. These guidelines agree in general with the treatment recommen-
dations. For grade 1, both guidelines agree to continue ICI treatment and only use topical
corticosteroids. Grade 2 can be treated with topical and/or systemic corticosteroids, but
patients can resume ICI therapy once inflammation improves to grade < 1. Grades 3-4
ICI therapy should be permanently discontinued, and treatment should be with high-
dose systemic steroids. The decision of suspending or discontinuing ICI is a very com-
plex one. There should be good and clear communication between ophthalmologists and
oncology specialists for better assessment and decision-making since there are poten-
tially devastating consequences of stopping potentially life-saving treatments.

When and how to reinstate ICI therapy after a uveitis episode is not standardized
due to the low amount of data. The NCCN provides the following recommendations:
for grade 2, if ICI were stopped, may consider resumption of immunotherapy in
consultation with ophthalmologists if inflammation improves to grade < 1. Permanent
discontinuation of immunotherapy is warranted in the setting of severe intraocular
inflammation (grade 3-4) and episcleritis symptomatic episcleritis with visual acuity
worse than 20/40 [24, 25].

5.3 Monitoring

Patients on ICI should undergo prompt ophthalmic evaluation if they develop
worsening vision, floaters, or conjunctival injection [8]. Patients with any ocular
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Grade Definition CTCAE

ASCO

SITC

1 Anterior uveitis with
trace cells

o Continue ICI

o Refer to ophthalmology within
1 week

o Artificial tears

¢ Continue ICI

* Refer to ophthalmology
within 1 week

¢ Artificial tears

2 Anterior uveitis with 1+ o Hold ICI temporarily until after o Hold ICI
or 2+ cells ophthalmology consult. o Ophthalmology referral
o Topical (e.g., 1% prednisolone) within 2 days, prior to
and systemic steroids initiating uveitis treatment
o Resume ICI treatment once off o Topical corticosteroids, and/
systemic corticosteroids or once or systemic corticosteroids
corticosteroids for other
concurrent systemic irAEs are
reduced to 10 mg; continued
topical corticosteroids are
permitted when resuming
therapy to manage and minimize
local toxicity.
3 Anterior uveitis with 3+ o Permanently discontinue ICI o Permanently discontinue ICI

or greater cells;
intermediate posterior
or panuveitis

o Systemic corticosteroids and
intravitreal or periocular/ or
topical corticosteroids.

o Methotrexate may be used in
patients who respond poorly to
systemic corticosteroids or those
with severe sight-threatening
inflammation.

o Systemic corticosteroids in
addition to intravitreal/
periocular corticosteroids/
topical corticosteroid.

4 Best corrected visual
acuity of 20/200 or
worse in the affected

eye

o Permanently discontinue ICL.

o Systemic corticosteroids—
prednisone 1-2 mg/kg/day or
methylprednisolone 0.8-1.6 mg/
kg/day

o Intravitreal or periocular or
topical corticosteroids

o Permanently discontinue ICI
o Same as grade 3

Table 4.

Grading and treatment recommendations of ocular irAEs.

symptoms should be referred to ophthalmology. Based on the most current cancer
association guidelines for grade 1, ophthalmology referral should be within one week
of symptoms. For Grades 2-3, an urgent referral is recommended; based on SITC, it
should be within two days [24]. For grade 4, an emergent evaluation is recommended.

An initial ophthalmologic evaluation must include visual acuity measurement of
each eye separately, color vision assessment, pupil evaluation, eye pressure, slit lamp,
and dilated funduscopic evaluation. Current guidelines recommended by cancer asso-
ciations do not include how to manage or monitor patients with baseline ophthalmo-
logic conditions, making the management and monitoring of this patient population a
complex one. Patients with metastatic or unresectable cancers are also in a delicate
state of health which predisposes them to a series of infectious pathologies, and
therefore if there is suspicion, it is always recommended to rule-out infectious uveitis
processes prior to commencing high-dose systemic steroids.

Close follow-up is recommended while inflammation is active and should continue
after the inflammation resolves due to the risk of possible reactivation. In the case
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series by E.R Dow et al. [10], in most cases, the ICI was stopped, and in more than half
of the patients whose ICI was restarted, there was a recurrence of uveitis that was
sometimes more severe than the initial episode. We can create more standardized
monitoring guidelines as we continue to monitor patients with ICI.

6. Conclusion

Immunotherapy-associated uveitis is an increasing occurrence that has become
more apparent with the increased use of immunologic cancer treatments. Both ICI and
BRAF/MEK therapies help improve survival in cancer patients by improving the
patient’s ability to attack cancer cells. Due to the positive effects these medications
provide to metastatic and unresectable cancer patients, we hypothesize that more
patients would continue to benefit from their use. With ongoing approvals and com-
binations of new medications, we may continue to foresee new information about
ocular irAEs. Generally, most patients can be treated successfully with topical or
systemic steroids without needing to hold or completely discontinue their cancer
treatment. The way we treat and monitor these uveitis patients is based on limited
literature, for which more controlled and standardized studies are needed to help have
better treatment and monitoring algorithms. It remains unclear when to stop or
discontinue cancer immunotherapies in patients with immunotherapy-associated
uveitis. However, it is of utmost importance for oncologists, ophthalmologists, and all
physicians involved in the care of cancer patients to be aware of the complications of
these medications for prompt diagnosis and referral to improve patient care. Although
relatively rare, the most crucial aspect of immunotherapy-associated uveitis is that it
requires prompt recognition and treatment to avoid irreversible ocular damage. Any
decision to hold or permanently discontinue these potentially lifesaving cancer medi-
cations should be thoroughly evaluated and discussed between the oncologists and
ophthalmologists.
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Chapter 9

Nutraceutical Approach for the
Treatment of Retinal Inflammation
after Infections

Ilaria Piano, Francesca Corsi and Claudia Gargini

Abstract

This chapter described the ability of Zika virus, a hemostat-borne flavivirus, to
infect retinal pigment epithelium cells and to generate chronic inflammation capable
of generating permanent damage in the host that can progress eventually to the onset
of pathology related to retinal degeneration. In addition, given the lack of an effective
vaccine against ZIRK, the possibility of using as a therapeutic strategy the reduction
of inflammatory processes that are established as a result of viral infection through
the use of bioactive phytonutrients was analyzed.

Keywords: retinal degeneration, RPE cells, Zika virus, inflammation, phytonutrients

1. Introduction

Age-related macular degeneration (AMD) is an idiopathic degenerative disease of
the retina and the cause of irreversible and profound vision loss in people older than
60 years [1]. Because of the rapidly aging population, it is easy to predict a world-
wide increase in the incidence of AMD, resulting in increased costs on healthcare
services. AMD presents in two main forms: Dry-AMD and Wet-AMD. Dry-AMD is
characterized by atrophy of retinal pigment epithelial (RPE) cells and degeneration
of adjacent photoreceptors. This form of the disease accounts for approximately 25%
of cases, and patients experience severe loss of central vision. In contrast, wet-AMD
is characterized by the formation at the level of the choroid of new vessels (CNVs)
that branch out to the outer layers of Bruch’s membrane, located beneath the basal
membrane of the RPE, or across the RPE into the subretinal space. These vessels are
usually constituted by a fragile endothelium and therefore subject to injury with
subsequent hemorrhage and macular neuroretinal detachment. This form accounts
for 75% of cases with severe central vision loss [2]. Despite their different pathophysi-
ology and symptomatology, the two forms of AMD share similar risk factors for their
development.

AMD is an aging-related syndrome caused by multiple factors including environ-
mental, nutritional, and behavioral [3, 4] as well as genetic background can make an
individual more or less susceptible to these factors [4, 5]. As in most diseases affect-
ing the outer retina, loss of visual function in AMD results from degeneration and
death of photoreceptors in the central retina, but in the initial pathogenesis of dry
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AMD, the involvement of RPE cells [6] has been studied. The specific genetic and
biochemical mechanisms responsible for RPE degeneration in AMD are still under
investigation, but recent advances in understanding dry AMD suggest that oxidative
stress and inflammation may be two of the cellular mechanisms underlying RPE cell
death with an important role in drusen biogenesis and perhaps in the etiology of
AMD in general [7, 8].

The RPE is a monolayer of cuboidal cells subjacent to the neural retina [9]. The
basal cell membrane of the RPE is in contact with Bruch’s membrane, a multilayered
matrix that separates the RPE from the underlying choroidal vasculature. The api-
cal membrane of the RPE is intimately interdigitated to the outer segments of the
underlying photoreceptors. The main function of the RPE, which forms a part of the
blood-retinal barrier, is to support the survival and normal function of the photore-
ceptors, in fact it controls the exchange of nutrients, waste products, ions, and gases
between the choroidal blood vessels and the photoreceptors [10]; RPE is involved in
the transport of retinol necessary for the synthesis of the visual pigment of photore-
ceptors [11] and in the phagocytosis of photoreceptor outer segment membrane disks
(POS) [12]. In addition, RPE cells produce trophic and immunological factors neces-
sary for the survival and protection of photoreceptors and the entire eye [13].

In addition to oxidative stress and inflammation, triggered by multifactorial
events, infection by pathogens may also be a cause of damage and degeneration of
RPE cells [14] and eventually lead to the onset of AMD.

2. Viral infections that induce eye damage

In the last decade, the World Health Organization (WHO) has identified a list of
infectious diseases that have the potential to evolve into epidemics resulting in health
emergencies and increased economic pressure on healthcare systems worldwide.
Moreover, for the viral infections included in the list, there are no effective preventive
or curative countermeasures to date. Among the diseases included in the list were
coronaviruses, responsible for the pandemic that exploded in 2020, Crimean-Congo
hemorrhagic fever, Filovirus diseases (Marburg hemorrhagic fever and EVD), Lassa
Fever, Nipah virus infection, Rift Valley fever, and Zika virus [15].

2.1 Ocular complications from coronavirus infections

Coronaviruses include a family of viruses capable of infecting humans discovered
for the first time in 1969; the transmission of the virus occurs mainly through respira-
tory droplets that in contact with the mucous membranes allow the virus to penetrate
in the cells. There are seven coronaviruses that infect humans, and in 2002, the virus,
named SARS-CoV-1, was isolated that mainly caused benign and mild infections
of the upper respiratory tract [https://wwwwho.int]. Then in 2012, another virus
causing respiratory syndrome named MERS-CoV was isolated in the Middle East
[16]. The recent pandemic of Coronavirus-19 (COVID-19) due to SARS-CoV-2, which
began in December 2019, has resulted in over 108 million cases and 2.3 million deaths.
These highly transmissible pathogens cause lower respiratory tract infections that
can rapidly progress to severe pneumonia with an estimated mortality rate of <1%
for those aged 20-54 years, 1-5% in those aged 55-64 years, and 3-11% in individuals
aged 65-84 years [17]. Unlike the other two diseases, COVID-19 symptomatology var-
ies significantly between individuals. Indeed, while many patients develop respiratory
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distress and fever, cough, and fatigue, some patients may have no respiratory symp-
toms at onset and present with extra pulmonary manifestations, including headache,
diarrhea, and vomiting.

Ocular complications have not been reported in association with SARS-CoV-1 or
MERS-CoV. However, a study of healthcare workers with SARS-CoV showed that
three of 36 patients (8%) had traces of SARS-CoV RNA in their tear fluid [18]. Ocular
involvement was reported to a greater extent in association with COVID-19. The
most common ocular manifestation is conjunctivitis with disease prevalence ranging
from 2% to 32% [19]. In addition, several studies have found the presence of viral
RNA in lachrymal fluid such that there is a risk of transmission through the tear film
[20]. Retinal manifestations have been described through imaging studies. In a study
of retinal changes in 12 adults with COVID-19, all patients showed hyperreflective
lesions at the level of ganglion cells and inner plexiform layers on OCT, and four had
cotton wool and microhemorrhages [21]. Another study showed that six of 27 (22%)
of the COVID-19 positive patients with bilateral pneumonia showed cotton wool at an
average of 43 days after the onset of COVID-19 symptoms [22].

In addition, the development of optic neuritis, disc edema, vascular tortuosity,
acute macular neuroretinopathy (AMN), retinal occlusive vasculopathy (RVO), reti-
nal artery occlusion, intraretinal hemorrhages, cotton wool, uveitis, and endogenous
endophthalmitis has been reported in patients who tested positive and had moderate
to severe COVID-19 symptoms. Often these diseases affecting the retina and retinal
vasculature are the subject of single-case studies so it is necessary to expand these
investigations in order to test the incidence of ocular complications of COVID-19 ona
large scale [23].

2.2 Zika virus

The Zika virus is a flavivirus transmitted by Aedes mosquitoes and is related to
yellow fever virus, dengue virus, and West Nile virus. Flaviviruses are single-stranded
RNA viruses contained in capsid and coated with pericapsid. The genome encodes for
a total of 10 proteins of which seven are nonstructural and three structural includ-
ing: glycoprotein E (responsible for host cell infection and antigenic determinant of
antibody response), capsid protein C, and membrane protein M (Figure 1) [24]. Zika
virus was first identified in Uganda in 1947 in macaques and then in humans as early

Figure 1.
Zika virus 3-D structure (Font: modified https://www.socialnews.xyz/2016/04/01/scientists-reveal-
zika-virus-structure/).
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as 1968. It has also been identified in French Polynesia, where an outbreak has been
associated with perinatal transmission and fetal abnormalities. The virus currently
present in Brazil appears to have originated from Polynesia. The clinical findings of
the primary infection mimic both the dengue virus and the chikungunya virus, also
present in Brazil and carried by the same mosquito. Testing for Zika virus is not read-
ily available, making diagnosis challenging; however, serologic testing (IgM quantifi-
cation) can be performed, and polymerase chain reaction (PCR) is available [25].

In adults, Zika virus infection induces symptoms such as: fever, headache, skin
rash, muscle aches, diarrhea, and eye redness (Figure 2); but the most serious
complications occur if the virus is contracted during pregnancy and especially within
the first trimester. Zika virus infection, contracted in the first or second trimester
of pregnancy, results in the development of microcephaly and retinal lesions in the
fetus. In a study of 29 infants born to mothers who had experienced symptomalogy
attributable to Zika virus, ocular abnormalities were present in 35% of the infants
examined, and in seven of 10 cases they were bilateral. Characteristic lesions included
posterior pole pigment deposits and areas of chorioretinal atrophy [26].

2.2.1 Ocular complications from Zika virus infections

The endemic emergence of Zika virus (ZIKV in various regions of the planet) has
been accompanied by an unprecedented increase in the spectrum of ZIKV-associated
diseases. It is becoming increasingly clear that ZIKV infection has implications that go
beyond microcephaly, as infants born with congenital ZIKV have pathologies that also
affect the eyes, ears, limbs, and possibly other organs [27]. Consequently, there has
been a growing interest in understanding the pathogenesis of ZIKV in neurological
diseases.

Since clinical studies have linked ZIKV to ocular abnormalities, mainly in the
retina of infants and adults [28, 29] and to uveitis in children [30, 31]; for these rea-
sons, it is important to study the pathogenesis of ZIKV in the eye to identify potential
targets for therapeutic intervention since this virus currently has no effective vaccine.

Zika virus disease.
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Figure 2.
Symptomatology attributable to Zika virus infection.
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It has been shown that direct inoculation of ZIKV into the eye of an adult mouse
causes retinal lesions with signs (chorioretinal atrophy and mottling of the RPE) that
resemble of the ZIKV-associated ocular pathology described in humans. It has also
been observed that ZIKV infects different retinal cell types and stimulates an innate
antiviral response in the retina.

The main protective mechanism that controls the influx of innate immune cells
and pathogens into the posterior segment of the eye is the presence of the blood-
retinal barrier (BRB), consisting internally of retinal vascular endothelial cells and
externally of RPE cells [32]. BRB dysfunction is known to allow infectious agents to
enter the retina and cause inflammation and tissue damage [33].

The study by Kumar Singh and coworkers [34] shows that ZIKV has the ability
to induce the expression of TLR3, RIGI, and MDAS5 in RPE, HRVECs, and in the
retina, suggesting that these PRRs might be involved in ZIKV recognition in the
eye. Activation of PRRs leads to the production of various inflammatory mediators,
including cytokines, chemokines, and IFNs both in vitro and in vivo. In this study, it
was also shown that direct inoculation of ZIKV has the ability to create retinal lesions
in adult WT mice, with evidence of choroidal inflammation, activation of antiviral
innate immune response, and damage with atrophy and death of the RPE. The limita-
tion of this study, in the in vivo experiments, was the intravitreal inoculation method,
which itself bypasses the BRB and directly infects retinal cell types (Figure 3).

A further study investigated the potential mechanisms of ZIKV-induced degenera-
tion by going to analyze retinal inflammation and endoplasmic reticulum (ER) stress
in retinas at p8, a stage when the retinal tissue is still developing. The authors of this
study [35] demonstrate how ZIKV-infected retinas are morphologically damaged
compared with control retinas (Figure 4) and found that the levels of several key
inflammatory molecules including chemokines (CCL2 and CXCL10), pro-inflamma-
tory cytokines (TNFa, IL-1f, and IL-6), adhesion molecules (ICAM-1 and VCL-1),
and iNOS were increased by 1.6-1300-fold in ZIKV-infected retinas. Similarly, key
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Figure 3.
Zika virus eye infection and related retinal damage. Image modified from Kumar Singh et al. [34].

133



Eye Diseases - Recent Advances, New Perspectives and Therapeutic Options

Rhodopsin Cone-arrestin Calbindin Dabl PKCa

Control

ZIKV

Figure 4.

Retinal degeneration induced by ZIKV infection. The image was modified from Li et al. [35].

molecules involved in ER stress, including XBP1s, GRP78, and CHOP, were signifi-
cantly increased. Furthermore, in association with the increase in inflammation and
ER stress, levels of cleaved caspase 3, a marker of apoptosis, and phosphorylated
receptor-interacting protein 3 (pRIP3), a marker of necroptosis, were also increased
in ZIKV-infected retinas. The cells most affected by this infection appeared to be
localized mainly in the INL, where cleaved caspase 3-positive cells were visible, and in
the IPL and GCL where pRIP3-positive cells were localized (Figure 5). These results

Control ZIKV

cleaved caspase3

Figure 5.
Localization of key markers of apoptosis (green, cleaved caspase 3) and necroptosis (green, pRIP3) in ZIK V-
infected vetinas. The image was modified from Li et al. [35].
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suggest that ZIKV-induced retinal degeneration may involve inflammation and ER
stress by mediating cell apoptosis and necroptosis.

All of the evidence reported in the various studies concurs in suggesting that
ZIKV infection leads to degeneration that can be likened to AMD-like degeneration
where processes of chronic inflammation drive the progression of the disease. To date,
however, it is not possible to permanently prevents this type of infection because
there is no effective vaccine available, so one of the possible strategies to counteract
ZIKV-induced chronic inflammation could be to use anti-inflammatory molecules.

To this end, possible anti-inflammatory approaches through the use of nutraceutical
molecules will be reported in the next section.

3. Phytonutrients and their applications

Natural products and their derivatives have played a significant role in medicine,
generating many of the first new molecular entities (NMEs) and nearly half of all
approved NME:s [36].

Scientific research is more and more focused on identifying biologically active
food components that can optimize physical and mental well-being and reduce the
risk of disease onset. Nutraceuticals or phytonutrients are products of natural origin,
foods, or parts of them, that promote good health, longevity, and quality of life and,
what is more, they can be used, in some cases, for the prevention and even treatment
of chronic diseases.

Phytonutrients include the polyphenols. Polyphenols and their derivatives
are widely distributed bioactive compounds in plant-derived foods (fruits,
vegetables, legumes, cereals, seeds, spices, wine, tea, coffee, cocoa, and herbs)
[37]. These bioactive compounds have received considerable interest over the
past decade because of their wide range of biological activities. They are a broad
group of compounds organic, plant secondary metabolites. The polyphenolic
composition of plants is highly variable, both qualitatively and quantitatively;
some of them are ubiquitous, while others are restricted to specific families or
species [38]. From a structural point of view, polyphenols are compounds with
one or more hydroxyl groups, associated with the aromatic ring, which can be
present either in the oxidized form (quinone) or in the reduced form (phenol).
Depending on the number of phenolic rings (hence the name “polyphenols™)
and the structural elements attached to them, polyphenols can be distinguished
into flavonoids and non-flavonoids (phenolic acids, stilbenes, and lignans)

[39]. Currently, about 8000 different structures of plant phenols are found.
Flavonoids, in turn, are divided into six main subclasses: isoflavones, flavones,
flavonols, anthocyanins, flavanones, flavanols. They are usually associated with a
sugar, forming glycosides [40].

Here, in detail, we will review the activity of two polyphenols in neurodegenera-
tive retinal diseases related to Zika virus infection.

3.1 Resveratrol

Resveratrol (3,5,4'-trihydroxy-trans-stilbene) is a plant-derived substance thatis a
member of the stilbenes group, non-flavonoid compounds belonging to the polyphe-
nol family (Figure 6). Stilbenes are produced by the combination of the acetate and
shikimate pathway.
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Figure 6.
Resveratrol structure.

Resveratrol is naturally found in the two isomeric forms cis and especially in the
trans, which shows greater activity biological activity [41].

The most abundant dietary source of resveratrol is red grapes. Discrete amounts
are also found in blueberries, berries, and the polygonum cuspidatum plant.

Resveratrol has been shown to have a powerful antioxidant action. In fact, the
presence of this substance in red wine is associated with the benefits obtained by
populations that habitually consume it in their diets. The cardioprotective properties
of resveratrol are well known, and the presence of this compound in red wine is partly
responsible for the phenomenon known as the “French Paradox”. In France, habitual
consumption of red wine reduces the incidence of mortality from cardiovascular
disease. It is also known to have anti-inflammatory, anticancer, protective properties
on nerve cells, antiaggregant, immunomodulatory, antibacterial, and antifungal
properties of resveratrol. All these activities are due to the interaction of this molecule
with several cellular synthetic pathways involving enzymes such as cyclooxygenase,
lipoxygenase, and tyrosine kinase.

3.2 Hesperidin

Hesperidin (4'-methoxy-7-O-rutinosyl-3',5-dihydroxyflavanone; hesperetin
7-O-rutinoside) is a naturally occurring flavanone glycoside found in citrus fruits
(most notoriously oranges) and is a sugar-bound form of the flavonoid hesperitin
(Figure 7) [42].

Flavanones, also called dihydroflavones, have a saturated C ring and can be
multi-hydroxylated; in addition, several hydroxyl groups can be methylated and/or
glycosylated [43].

OH

O

OCH;4

Figure7.
Hesperidin structure.
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Hesperitin is known to mediate the actions of hesperidin in the body, and since
hesperidin needs to progress to the colon to be “released” by intestinal bacteria, it
acts as a time release for hesperitin; one serving of hesperidin seems to increase blood
levels for over the course of a day or so when consumed in this manner.

Various biological and pharmacological effects have been reported for hesperidin.
It possesses the antioxidant, anti-inflammatory, and anti-carcinogenic activities [44].
Hesperidin possesses also considerable neuroprotective property in various neurode-
generative diseases, such as Alzheimer’s, Parkinson’, stroke, and Huntington’s [45].

4. Phytonutrients as a therapeutic perspective in the treatment of
Zika-virus-induced ocular inflammation

It is well known that retinal degeneration can be induced by several factors, includ-
ing genetic mutations, oxidative stress, and inflammation. Several treatments employ-
ing natural molecules, with antioxidant and/or anti-inflammatory actions, have shown
efficacy in slowing the progression of retinal degeneration (e.g., AMD) [46].

RETINA RETINAL PIGM
- EPITHELIAL CELLS

VIRAL
REPLICATION

CYP1B1

RETINAL PIGMENT EPITHELIAL CELLS

Figure 8.

Mechanism of action of vesveratrol in the treatment of Zika virus vetinal infection. Zika virus takes advantage
of host mitochondrial enzymes for viral veplication; vesveratrol is able to inhibit these enzymes (GMPR2 and
DHODH), effectively blocking virus replication.
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Moreover, recent studies have demonstrated the antioxidant activity of Saffron,
Naringenin, and Quercetin, the last are two polyphenols with known antioxidant and
anti-inflammatory activities, in slowing the progression of retinal degeneration in
several animal models [47, 48].

There is also a study that illustrates the efficacy of Hesperidin in protecting a
retinal pigmented epithelium cell line (ARPE-19) from H,0,-induced damage,
by inhibiting both apoptosis and ROS hyperproduction. Showing, once again, the
efficacy of a polyphenol in the treatment of a retinal degeneration, such as AMD [49].

Regarding the Zika virus specifically, although the clinical manifestations at the
ocular level are known, to date there is still a lack of research on the stages of the virus
and consequently on potential treatments with natural molecules.

There is only one study on the efficacy of resveratrol treatment in the Zika-virus-
infected ARPE-19 cell line with a focus on mitochondrial morphology.

Russo et al first showed how Zika virus infection altered the balance of mitochon-
drial dynamics toward the fission process in RPE cell and how these organelles lose
their typical tubular shape during infection. Through a docking analysis, they study
how resveratrol treatment restores the typical mitochondrial shape by acting as an
inhibitor on enzymes critical for viral RNA replication (e.g., GMPR2 and DHODH).
Indeed, viruses use host-specific factors to complete their multiplication cycles, and
inhibition of mitochondrial enzymes involved in nucleoside biosynthesis has been
shown to be an effective antiviral strategy. In conclusion, they demonstrated the
efficacy of resveratrol as an antiviral agent in the treatment of Zika-virus-induced eye
diseases [50]. A schematic representation of the mechanism of action of resveratrol,
proposed by the authors [50], is shown in Figure 8.

5. Conclusion

In this chapter, we described how inflammation triggered by virus infection can
lead to ocular complications capable of progressing to degenerative diseases such
as AMD.

In particular, ocular complications due to COVID-19 and Zika virus have been
analyzed, unfortunately this area of research is not yet well explored; especially in the
former case given the recent appearance of the new virus responsible for Sars-Cov2
that is constantly evolving.

As for Zika virus, although the etiology at the level of the central nervous system
and at the ocular level is known, effective therapies capable of blocking viral replica-
tion are not yet available; in fact, a specific vaccine is not yet developed.

Studies on the anti-inflammatory ability, at the ocular level and on retinal
degeneration, of natural molecules have been widely resonant in the last decade; this
strategy has also received interest in the treatment of Zika-virus-induced inflam-
mation, and promising studies indicate the ability of molecules such as resveratrol
and hesperetin to block the viral cell cycle. These notions, while in need of further
study, open new perspectives for phytonutrient treatment of virus-induced ocular
complications.
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Chapter 10

Advances in Biomaterials for
Corneal Regeneration

Kamal Malhotra and May Griffith

Abstract

The human cornea acts as a protective covering for the eye and plays an important
role in light transmission into the eye for vision. Corneal defects due to trauma,
infection, or disease can have detrimental effects on the vision, and severe cases lead
to vision loss. Twenty-three million people are estimated to be affected by corneal
blindness worldwide. Treatment involves corneal transplantation surgery, but there
is a severe shortage of donor corneas worldwide. Furthermore, patients with severe
pathologies risk rejecting conventional corneal transplantation, thus leaving them
untreated. Therefore, there is an urgent need to develop new therapies to replace tra-
ditional corneal transplant surgery. This review focuses on recent potential biomateri-
als development for corneal regeneration and repair. It includes cell-based therapies,
cell-free regeneration-inducing biomaterials, and injectable or in-situ gelation-based
biomaterials for patients with a high risk of graft failure. It also consists of the emerg-
ing role of exosomes and extracellular vesicles in corneal infections and regeneration.

Keywords: corneal regeneration, biomaterials, corneal repair, transplantation,
hydrogel, cell-free regeneration

1. Introduction

The cornea is an avascular, transparent, and multilayered tissue whose primary
function is to act as a lens to direct light entering the eye toward the retina. It consists
of three cellular layers, an epithelium, stroma, and endothelium, and two acellular
layers, the Bowman’s and Descemet’s membrane [1]. A third acellular layer, the Dua
membrane, has also been described. The epithelium forms the cornea’s outermost
layer and comprises stratified epithelial cells. These cells act as a barrier to protect the
eye from pathogens and allow the diffusion of essential nutrients and oxygen. The
stroma constitutes 90% of the cornea’ total thickness and contains keratocyte cells
interspersed in lamellae but forming a connected network. The cornea is responsible
for focusing approximately 75% of light into the eye for vision. It also protects the eye
while preserving its transparency by self-renewal of its epithelium in particular [2].
However, injury, aging, or disease could lead to irreversible loss of clarity and corneal
blindness.

Corneal blindness is one of the significant causes of vision loss leading to
23 million patients who have unilateral blindness and 4.9 million patients who have
bilateral blindness globally [3]. Although corneal transplant is the most common
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transplanted tissue worldwide, corneal blindness is still rising, with 2 million cases
yearly [4]. Due to the increasing demand, eye banks cannot provide the cornea to all
the patients, leaving an estimated 12.7 million people on the waiting list for corneal
transplantation [5]. Corneal transplant with a human donor cornea has been the
go-to treatment for corneal blindness since the twentieth century. In penetrating
keratoplasty or full-thickness grafts, a full-thickness button of healthy donor corneal
tissue replaces excised pathologic corneal tissue. Only the damaged layers are replaced
in lamellar keratoplasty or partial thickness grafts. This helps maintain the integrity
of the cornea and surrounding tissue, leading to faster healing and vision improve-
ment. Complications of corneal transplantation include graft failure, of which graft
rejection is a leading cause. Disease transmission from graft to host is rare but has
been reported, e.g., endophthalmitis, due to donor-to-host microbial transmission
[6]. Other issues include complications in immune-compromised patients, infectious
diseases, and astigmatism associated with corneal transplants. However, proper
donor screening and processing may reduce the risk of infection and related post-sur-
gical complications. However, the donor cornea shortage is a major issue, especially
in developing nations. It is even difficult to carry out complex surgical procedures

in some developing countries due to insufficient resources/facilities. Thus, there

is an urgent need to develop new therapies or biomaterials as alternatives to donor
transplantation.

In this chapter, we focus on the biomaterials rather than fabrication techniques
such as electrospinning or 3D bioprinting. We refer the reader to Patel et al. 2021 for a
review of electrospinning in corneal constructs [7] and to Bin et al. 2019 and Fuest et
al. 2020 for reviews on bioprinting of corneal implants [8, 9].

2. Cell-based therapies

Several cell-based therapies are already approved for treatment in clinical settings
[10-13]. These include resurfacing the cornea with limbal epithelial cells. Cellular
therapy of corneal stroma has gained attention in recent years. Studies revealed
that mesenchymal stromal (or stem) cells (MSCs) could survive and differentiate
into adult human keratocytes in animal models without eliciting an inflammatory
response. In addition, they produced new collagen in the host stroma and were able
to remodel scars and improve transparency in animal models for corneal dystrophies
[14, 15]. Cell-based therapies can be broadly divided into using stem cells to stimulate
regeneration with and without scaffolds. This section focuses on stem-cell-based
theories with scaffolds or templates.

Bio-fabrication of stem cell supports from silk fibroin/gelatin (SF/G) film and
scaffold to make stem-cell-incorporating corneal epithelial and stromal equivalents
for canine corneal regeneration. Canine limbal epithelial stem cells (cCLESCs) were
seeded in SF/G film, and canine corneal stromal stem cells (cCSSCs) were seeded in
SF/G scaffold, respectively, which supported cell adhesion, viability, and proliferation
along with differentiation of cLESCs and cCSSCs into keratocytes. Studies revealed
endogenous ECM production after 14 days, thus mimicking native cornea [16].
Pitarresi and coworkers were the first ones to use hydrogels based on hyaluronic acid
(HA) cross-linked with polyaspartamide derivative (PHEA-EDA) as an alternative
to amniotic membrane for the delivery of limbal stem cells (LSCs). HA/PHEA-EDA
hydrogel showed biocompatibility with immortalized human corneal epithelial cells
or primary cells but only moderate to poor cell adhesion capabilities. These features
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allow the potential for clinical application of HA/PHEA-EDA as a delivery substrate
with easy release of transplanted limbal stem cells to treat damaged corneas [17].
HCECs and human adipose stem cells (HASCs) were co-cultured in 3D hyaluronic
acid hydrogel with and without collagen. HASCs could proliferate and differentiate
within the proper cell density, and the survival of cells was better in the absence of
collagen, showing potential for use in ocular surface reconstruction [18]. Hyaluronan
hydrogel scaffold was used to expand human corneal epithelial stem cell ex-vivo in
the xeno-free environment. The developed hydrogel behaved as native cornea equiva-
lent, which reduced the risk of xeno-contamination and allowed the expansion of
limbal stem cells [19].

3. Decellularized corneas repopulated with stem cells

Decellularized corneas comprising intact ECM composition and integrity hold the
potential to use as an implant in the same or cross-species. They maintain the native
mechanical strength and stromal structure but lack the cellular components, prevent-
ing graft rejection, or activating undesirable immune responses. Recently, Polisetti
and coworkers explored the use of decellularized human corneas as scaffolds. The
decellularized human corneal scaffold preserves the native extracellular matrix pro-
teins, glycosaminoglycans, and tissue structure to allow regeneration of the epithe-
lium and stroma of the host tissue ex-vivo [20]. Decellularized human limbus (DHL)
was used as a biomimetic scaffold for transplanting limbal epithelial progenitor cells
(LEPCs) in ex-vivo transplantation. The scaffold provided a limbal niche-specific
microenvironment where native ECM composition was preserved and showed excel-
lent biocompatibility for LEPCs and limbal melanocytes (LMS). Furthermore, the
scaffold allowed complete epithelization with interspersed melanocytes and stromal
repopulation from host tissue, thereby showing potential for regeneration of dam-
aged cornea in patients suffering from limbal stem cell deficiency (LSCD) [21].

A rabbit corneal model was used to study the in-vivo biocompatibility of decellu-
larized human corneal stroma with and without recellularization of human adipose-
derived adult stem cells (h-ADASC). The decellularized corneal sheets had intact
extracellular matrices and an excellent recellularization capacity with h-ADASC. In
addition, it revealed good transparency with no clinical sign of rejection. The post-
mortem analysis revealed the survival of transplanted stem cells within the graft and
the differentiation of stem cells into functional keratocytes [22].

In a human clinical trial, decellularized porcine corneal stromas were transplanted
into 47 patients with corneal fungal infection. There was no recurrent disease
observed within 3 years of the study. Seventy-two percent of patients showed visual
improvement. However, neovascularization was observed in 53% of patients but was
suppressed eventually. Thus, the decellularized cornea has demonstrated promising
potential in regenerating damaged corneas while preserving the native ECM composi-
tion. However, care must be taken to prevent zoonotic pathogenic transmission, as
seen in recent years of global transmission of coronavirus from animals to humans.

4. Cell-free regeneration-inducing biomaterials

Recently biomaterials have shown enormous potential in tissue engineering due to
their desirable physical, chemical, and mechanical properties, which can guide cells to
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grow and promote functionality. Biomaterials developed as corneal substitutes should
replicate the structure and functionality of the native cornea. They should mimic the
in vivo microenvironment, e.g., extracellular matrix, to support resident cell growth,
proliferation, and integration within the host tissue for bifunctional regeneration of
damaged cornea. Biomaterials should also possess desirable characteristics such as
biodegradability, biocompatibility, non-immunogenicity, and seamless integration
with host tissues. In addition, biomaterials should possess sufficient mechanical
(tensile) strength to support suturing or gluing and to withstand the intraocular pres-
sure to support the fluctuations. Besides this, it is important to have optical transpar-
ency and a refractive index like that of a healthy cornea, plus allow the diffusion of
nutrients into the scaffold and waste out of it [23]. Thus, it is important to have these
considerations in mind for designing corneal construct mimicking native cornea.
Griffith and coworkers have provided an extensive guide to consider beforehand
while designing biosynthetic alternatives for clinical applications [24].

Natural, synthetic, and composite polymers are the main biomaterials used for cor-
neal tissue engineering. Natural polymers tend to have inherent biocompatibility and
bio-integration compatibilities, whereas synthetic polymers allow for customization of
desired chemical and mechanical properties. Composite polymers have the advantage
of both natural and synthetic polymers, i.e., they are both biocompatible and tunable to
allow for desirable mechanical and chemical properties for corneal tissue engineering.

4.1 Naturally derived and synthetic hydrogels

The main advantage of using naturally derived polymers for corneal tissue
engineering is their biocompatibility. Commonly used natural polymers for corneal
regeneration include collagen, silk fibroin, gelatin, chitosan, cellulose, hyaluronic
acid (HA), and decellularized cornea. They are formed by chemical cross-linking and
formation of physical bonds and networks.

4.1.1 Collagen and collagen-based hydrogels

One of the most attractive natural polymers is collagen, the most abundant extra-
cellular matrix component in several tissues including the human cornea. Collagen is
the main component of corneal tissue. It possesses unique properties such as bio-
compatibility, bio-adhesiveness, suitable biodegradability, and low immunogenicity,
which is to support corneal regeneration. In addition, collagen supports the corneal
epithelial growth and cell adhesion without eliciting toxicity. The source of collagen
plays important role in its physiochemical properties. Type I and type II collagen
possess adequate tensile strength, whereas type III collagen is superior in mechanical
strength and optical clarity [25]. Collagen from different sources such as porcine,
bovine, rat, recombinant human collagen type I and III are commercially available.
On their own, collagen hydrogels are soft and unstable. Attempts to improve the phys-
icochemical properties of collagen-based hydrogels include chemical cross-linking
and development of composite hydrogels with synthetic polymers to add mechanical
strength. Examples include cross-linking by glutaraldehyde, 1-ethyl-3-(3-dimethyl
aminopropyl) carbodiimide hydrochloride (EDC), and multifunctional dendrimers
to improve the elastic and mechanical strength of collagen scaffolds [26]. One limita-
tion of using chemical linkers is that they can be cytotoxic and not cell-friendly, limit-
ing their use to fabricating cell-free scaffolds. A naturally derived cross-linker such as
genipin was tested to reduce the cytotoxic effect of cross-linker, but the concentration
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of genipin required to enhance the mechanical strength resulted in dark-blue-colored
collagen scaffold [27].

Further, to reduce the heterogenicity of collagen derived from animal source,
Fagerholm and team [28] performed the first successful clinical trials where they used
the cell-free implant made from recombinant human collagen type III (RHCIII). Trial
includes the treatment of 10 patients with keratoconus or central scarring with RHCIII
implant, which showed stable regeneration of epithelium, stroma, and nerves after
2 years of implantation. The long-term observation also revealed the immune compat-
ibility of implants. Cell-free implant containing carbodiimide cross-linked recombinant
human collagen (RHC) was grafted into patients and revealed stable integration of
regenerated neo-corneas without rejection. In addition, nerve and stromal cell regenera-
tion observed over 4 years mimic microarchitecture of healthy corneas without recruit-
ing inflammatory dendritic cells into the implant area [29]. Next, Griffith and coworkers
conducted a clinical study in cornea patients with a high risk of implant rejection [30].
2-methacryloyloxyethyl phosphorylcholine (MPC), a synthetic phosphorylcholine
with reported inflammation suppressing properties, was incorporated into RHCIII to
form interpenetrating networks. The resulting RHCIII-MPC hydrogels were implanted
into the corneas of unilaterally blind seven patients (one dropout) by anterior lamellar
keratoplasty after excision of the pathologic tissue. The patients were followed up for an
average of 24 months (Figure 1). The implants supported the stable regeneration of the
epithelium, stroma, and nerves over the observation period [30]. Short collagen-like
peptides (CLPs) conjugated to polyethylene glycol (PEG) showed promising functional-
ity equivalent to recombinant human collagen. CLP-PEG hydrogel supported stable
regeneration of corneal tissue and nerve in preclinical animal testing [31].

Recently, a cross-linker-free supramolecular gel strategy has been explored to
make collagen gel where collagen molecules were intertwined inside a pyrene conju-
gated dipeptide amphiphile (PyKC) without any functional group modification. The
newly developed collagen implant was optically transparent, mechanically stable, and
supported the growth of all corneal cells. It also triggered anti-inflammatory differen-
tiation while suppressing the pro-inflammatory differentiation of human monocytes
[32]. Plant-derived recombinant human collagen I was used to make hydrogel-based
corneal graft to support mechanical stability, biocompatibility, and transparency
in mini-pigs. Thus, showed the potential of plant-based RHC1 as an alternative to
animal-derived collagen or allografts [33].

Infection Burns
Before After Before After

Viral
Alkali
Rejected

Fungal
Thermal
Degenerative

Figure 1.

Clinical trial of RHCIII MPC corneal implant in high-risk patient at the last follow-up showing three groups of
patients as per the preoperative diagnosis: Infection (herpes and fungal kevatitis), burn (alkali or thermal), and
other (failed graft and post-stroke neurotrophic keratitis). Patient with infection showed best recovery with mostly
clear regenerative cornea followed by cornea with burns. Reproduced from [30].
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4.1.2 Gelatin-based hydrogel

Recently, methacrylated gelatin (GelMA)-based hydrogels have gained attention
for corneal tissue engineering because of their appropriate mechanical strength
and optical properties. GeIMA hydrogels showed good biocompatibility with 98%
survival rate of keratocyte after 21 days of culture. In vivo studies of Gel MA in rabbit
model showed no signs of ulcer, edema, or infection when hydrogel was implanted
in mid-stromal pocket and observed for 8 weeks. Hematoxylin and Eosin staining
showed hydrogel integration within the host tissue with negligible foreign body
reaction [34]. The efficacy of GeIMA in repairing rat corneas compared with lamellar
keratoplasty (LKP) showed significant differences between the two groups in terms
of inflammatory cell infiltrates, corneal cell thickness, and expression of a-SMA
and TGF-p after 3 months of observation. Thus, supporting the ability of Gel MA
in alleviating the corneal stroma fibrosis and reducing the loss of corneal refractive
power due to fibrosis [35]. Electrospinning was used to make Gel MA fibers that were
then complexed with poly (2-hydroxymethyl methacrylate) (p(HEMA)) through UV
photo-polymerization to form GelMA-p(HEMA) composite hydrogels. The compos-
ite hydrogel showed optical transmittance equivalent to that of the human cornea,
highly promising mechanical strength, improved structural integrity, and supported
proliferation of BCE C/D-1b corneal endothelial cells in 3D culture [36].

Gelatin-based hydrogels have also been explored for the drug delivery applica-
tions to overcome the poor bioavailability of traditional eye drop method. Dual
cross-linking reactions prepared gelatin hydrogel/contact lens composite via in situ
free radical polymerization and carboxymethyl cellulose/N-hydroxysulfosuccinimide
to encapsulate rutin for corneal wound healing. The composite hydrogel showed
sustained release of rutin for 14 days and without eliciting toxicity. In vivo studies in
rabbit cornea injury model showed that the rutin-encapsulating composite hydrogel
supported faster healing (98.3% + 0.7%) at 48 h post-operation compared with the
composite alone (healing rate, 87.0% + 4.5%). Results also revealed the role of ERK/
MAPK and PI3K/AKT signal pathways in corneal wound healing [37]. Injectable
photo-cross-linked gelatin hydrogels were formed using acrylated gelatin and thio-
lated gelatin with tunable mechanical properties, biocompatibility, and biological
properties that support the repair of corneal wound. The hydrogel showed promising
cell viability in cell seeding and cell encapsulation studies and supported the regen-
eration of new tissues under focal corneal wounds in rabbit corneas [38]. Collagen/
gelatin/alginate (CGA) hydrogels were used for the sustained delivery of moxifloxacin
(MFX) and dexamethasone (DEX) loaded into nanoparticles, for the treatment of
infectious ocular keratitis. Lipid nanocarrier loaded with MFX/DEX (Lipo-MFX/
DEX) and encapsulated within the hydrogel showed promising cell proliferation
ability when co-cultured with ocular epithelial cells. CGA-Lipo-MFX/DEX composite
hydrogel showed the sustained release of drug for up to 12 h and exhibit the ability to
inhibit bacterial growth to improve corneal wound healing [39]. Thus, gelatin-based
hydrogels are not only promising alternatives for stimulating corneal regeneration but
could also be a viable option for ocular drug delivery applications.

4.1.3 Silk-fibrion-based hydrogels

Silk fibroin is a structural protein extracted from the silkworm’s cocoon, Bombyx
mori. Silk represents a unique choice to use as a biomaterial for tissue engineering
due to its tunable and robust mechanical properties, controlled degradation, and
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non-immunogenic properties [40]. Photoactivated, in-situ forming antimicrobial
silk-based hydrogels were developed for treating corneal injuries. Gentamicin-loaded
methacrylated-silk (SilkMA) hydrogels adopted the corneal injury shape and gelled
within a few minutes upon exposure to low-intensity UV. The mechanical strength,
transparency, and water content approached those of the human cornea, and hydro-
gel inhibited the growth of Staphylococcus aureus and Pseudomonas aeruginosa for up
to 72 h [41]. Silk-fibroin-based films (SF) were also complexed with lysophosphatidic
acid (LPA) to form a functionalized graft for corneal endothelial cell (CEnCs) regen-
eration. The functionalized graft supported cell adhesion provided good biocompat-
ibility and expressed CEnCs-specific genes and protein when tested in rabbit corneas
[42]. A hybrid transparent fibrillar film made from SF/GelMA could be tuned as
needed to form matrices with different properties by modifying the volume ratio of
SNF to GeIMA. The SNF/GelMA ratio of 30/70 was optimal and showed mechanical
strength, transparency, and stability (reduction in degradation rate) that approxi-
mated the properties of the human cornea. The SNF/GelMA film supported cell
attachment, spreading, and proliferation of stromal cells, making it an ideal candidate
for corneal regeneration [43].

Recently, a study reported the upregulation of cytokine IL-1p, which induces
undesirable phenotypic changes in keratocytes by downregulating the gene and
protein expression of keratocyte corneal stromal markers: Keratocan, Lumican,
Aldh3al, and CD34. These markers play important role in maintaining corneal
epithelial homeostasis and corneal transparency during normal conditions [44, 45].
The selective IKK inhibitor, TPCA-1, can reverse the phenotypic change and pre-
serve the keratocyte phenotype in diseased corneas. Zhang and coworkers developed
silk fibroin hydrogels with sustained release of TPCA-1, which accelerated in vivo
wound healing, and increased keratocyte expression marker while supporting the
regeneration of epithelium and stroma [46]. Thus, showing the promising potential
of silk-fibroin-based hydrogel for corneal regeneration and drug delivery applications
invivo (Table1).

Biomaterial Targettissue  Novelty Developmental Refs.
status

Natural and Biosynthetic hydrogels

Collagen Stroma Collagen-based porous hydrogel with Animal model: [47]
good transparency and mechanical rabbit
strength; showed sustained release
drug delivery in-vitro, developed new
Flap-ALK surgical implantation model
inspired from LASIK surgery

Gelatin Corneal Glycidyl methacrylate grafted on gelatin ~ In-vitro studies [48]
surface: to form elastic protein-based, adhesive
Epithelium hydrogel that showed 4 times better

stretchability, biocompatibility, and
higher tensile strength

Gelatin Stroma Visible-light-based In-vitro studies [49]
stereolithography (SLA) 3D bioprinting
methodology developed to make gelatin
methacrylate (GelMA) hydrogels that
can be molded into dome shaped corneal
implants
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Biomaterial Target tissue Novelty Developmental Refs.
status

Recombinanthuman  Epithelium Biosynthetic recombinant human Animal model: [25]
collagen type III and stroma collagen implant can be fabricated mini pigs, rabbits

using chemical or photochemical

cross-linking. The former cross-linking

methodology results in hydrogels

promoting in situ tissue regeneration;

of sufficient toughness to allow handling

but requires overlying sutures for

retention
0-nitroso Corneal Developed molecular coating to attach Animal model: [50]
benzaldehyde group  surface: covalently to corneal surface, enhanced rabbit
(NB)-modified Epithelium corneal epithelial cell migration in-vitro,
gelatin (GelNB) promoted self-healing, and inhibit

disorder of regeneration
Recombinanthuman  Epithelium RHC hydrogel tested in 10 patients with Pilot clinical trial [28]
collagen and stroma significant vision loss and results

showed stable integration, supported

corneal reepithelization, nerve

regeneration and restore touch

sensitivity:
Composite hydrogels
Collagen (Col) and Epithelium Corneal graft made from Col-PCL In-vitro and [51]
polycaprolactone membrane, comprising transparent ex-vivo studies
(PCL) central part made from Col and

mechanically robust edge from Col-

PCL with high tensile strength

(1.1: 0.3 MPa)
Gelatin methacrylate  Epithelium 3 D printing of bi-layer dome shaped Animal model: [52]
(GelMA) and long- and stroma cell laden scaffold made from GelMA rabbit
chain poly (ethylene and PEGDA, demonstrated high
glycol) diacrylate transmission, swelling, nutrient
(PEGDA) permeation and appropriate degradation

rate
methacrylated Stroma Developed novel cell loaded IPN In-vitro [53]
gelatin (GelMA) and hydrogel made from GelMA-HEMA
poly(2-hydroxyethyl for corneal stroma model, appropriate
methacrylate) mechanical strength, and high
(pHEMA) transparency
Collagen and glycol Full thickness  Interpenetrating polymer network In-vitro [54]
polymer cornea (IPN) hydrogel made from type I

collagen and 6-methacryloyl-a-

D-galactopyranose (MG) slow

biodegradation
Collagen and Full thickness ~ Improved mechanical strength and Animal model: [55]
phosphorylcholine cornea enzymatic stability from collagenase, mini pigs

promising optical clarity
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Biomaterial Target tissue Novelty Developmental Refs.
status
Collagen (Col) and Epithelial, Developed cross-linker-free collagen In-vitro [32]
pyrene conjugated stroma and hydrogel, optically transparent,
dipeptide amphiphile  endothelium mechanically, and enzymatically stable,
(PyKC) restrict human adenovirus
propagation
Gelatin and poly Stroma Poly (e-caprolactone)-poly Animal model: rat  [56]
(e-caprolactone)- (ethylene glycol) micro-fibrous
polyethylene glycol) scaffold was infused with gelatin
methacrylate (GelMA) to make 3D
fiber hydrogel, supported
differentiation of limbal stromal stem
cells to keratocytes or fibroblasts
Recombinant human  Full thickness ~ Optimized RHC-III MPC hydrogel to In-vitro studies [57]
collagen type III cornea enhance mechanical strength and
(RHCIII) and make it suitable for post-fabrication
2 methacryloyl modification that included micro-
oxyethylphosphoryl- contact printing and laser re-
choline (MPC) shaping
Recombinanthuman  Epithelium Optimized RHCIII-MPC hydrogel, Pilot clinical study ~ [30]
collagen type III and stroma where the incorporation of the MPC
(RHCIII) and polymer network with reported
2 methacryloyl inflammation suppression properties
oxyethylphosphoryl- allowed stable regeneration in
choline (MPC) corneas of patients with active
ulcers and infectious keratitis scarring
In-situ forming, injectable hydrogels
Gelatin Stroma Visible light crosslinking was Animal model: [58]
used in conjunction with the rabbit
bioadhesive in-situ Gel CORE hydrogel.
This hydrogel showed higher tissue
adhesiveness than commercially available
adhesives
Hyaluronate and Stroma In-situ forming bio-orthogonally Animal model: [59]
collagen linked hydrogel, highly transparent rabbit
and good mechanical strength
Short collagen-like Epithelium In-situ forming, self-assembled liquid Animal model: [60]
peptides (CLPs) and  and stroma hydrogel (LiQD cornea) which gelled rabbit and cat
polyethylene glycol spontaneously at body temperature,
(PEG) stimulated regeneration of corneal

epithelium, stroma, and nerves
for over 1 year, acts as an effective
glue filler for patching perforated corneas

Table1.
Advances in the use of natural, biosynthetic, composite, and in-situ forming biomaterials for corneal
reconstruction.
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5. In-situ gelation-based biomaterials

Recently, in-situ gelation-based, injectable hydrogels have gained attention in
corneal tissue engineering because of several advantages over conventional solid
implants. Injectable hydrogels can be delivered in a doctor’s or ophthalmologist’s
clinic instead of an operating theater, since there is no need for surgical intervention.
The risk of parasurgical infection, patient discomfort, or scar formation is reduced.
The in-situ forming hydrogel can adapt to complex tissue cavities, mold, or irregular
wounds with better integration [61]. It is easy to encapsulate therapeutic molecules
such as peptides, drugs, or exosomes into the hydrogel for synergistic effect. The
clinical potential of in-situ forming hydrogels for corneal regeneration has been
reviewed by Poudel et al. [61].

In-situ composite hydrogels made from hydroxypropyl chitosan (HPCTS) and
sodium alginate dialdehyde via Schiff’s base chemistry showed histocompatibility,
nontoxicity, and biodegradability. The composite hydrogel incorporating corneal
endothelial cells was tested in a rabbit cornea injury model and showed its ability
to support the reconstruction of corneal endothelium [62]. An Avastin® contain-
ing in-situ forming PEG hydrogel was explored for sustained release of the drug
to treat corneal neovascularization. The transparent PEG hydrogel was nontoxic
to L-929 cells after 1 week of incubation. The in-situ forming hydrogel showed
sustained release of Avastin for up to 14 days without any apparent hydrolysis of
the drug molecule [63].

To improve the drug efficacy and increase ocular drug availability, another
in-situ forming, thermoresponsive chitosan-gelatin-based hydrogel was developed.
The fast-gelling hydrogel was fabricated using p-glycerophosphate disodium salt
hydrate (B-GD) and genipin to encapsulate timolol maleate for sustained release. The
chitosan gelatin solution was instilled into the lower conjunctival sac of rabbits’ eyes
to form a hydrogel that provided sustained release of timolol maleate for up to 24 h
[64]. Chun et al. developed injectable in-situ forming hydrogel comprising collagen
type I that was cross-linked using a multifunctional polyethylene glycol (PEG)-N-
hydroxysuccinimide (NHS). When tested for its ability to heal corneal defects, the
hydrogel allowed the migration of epithelial cells to form multilayer at the site of
corneal stromal defects without inflammation [65].

The GelCORE bioadhesive hydrogel was developed for the sutureless repair of
corneal injuries. The highly biocompatible, transparent hydrogel is cured in-situ
by visible light cross-linking. In-vivo studies in rabbit corneas showed regeneration
of the stroma and epithelium after excision of rabbit corneal tissues [58]. Bio-
orthogonally cross-linked hydrogels comprising hyaluronan and collagen showed
improved mechanical strength for corneal repair. The in-situ forming hydrogel pos-
sesses low refractive index than the native cornea, showed excellent biocompatibility
and epithelization in in-vitro and in-vivo studies of partial thickness defects [59].

Griffith and coworkers have recently explored the clinical potential of a fully
synthetic hydrogel made from CLP-PEG that incorporated fibrinogen. The “LiQD
Cornea” gelled spontaneously in situ at body temperature without the need for light
exposure. The hydrogel stimulated the stable (over 1 year) regeneration of corneal
epithelium, stroma, and nerves, serving as an alternative to a partial thickness
anterior lamellar allografts (Figure 2C) [56]. For patients who have corneal perfora-
tions (Figure 2A), these are emergencies that require patching. The LiQD Cornea was
tested and found to also be effective glue-fillers for patching perforated corneas in
rabbits, mini-pigs (Figure 2B and C) [60], and in a cat model [66].
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Figure 2.

LigD hydrogel evaluation in rabbit and mini-pigs (A) Human cornea perforation. (B) Postsurgical perforated
rabbit cornea containing LiQD cornea hydrogel at Day o, 2, and 28. Perforation can be easily seen at Day o. At
Day 2, the air bubble introduced during surgery was prominent, indicating the perforation was sealed. Perforation
was healed after 28 days of injecting LiQD cornea hydrogel. (C) Mini pig corneas showing presence of LiQD
cornea, syngeneic graft, and unoperated cornea after 12 months of surgery. Reproduced from [60].

6. Role of exosomes in corneal infection and regeneration

Exosomes are membrane-bound extracellular vesicles (EVs) secreted from most
cell types into the extracellular space, ranging from 30 to 150 nm in size. The role of
exosomes in corneal diseases and their biogenesis during pathological or physiologi-
cal immune responses has been documented in several studies [67-69]. Secreted
exosomes could regulate immune responses as they have the potential for transfer-
ring and presenting antigenic peptides, regulating gene expression, and inducing
various immune signaling pathways. Furthermore, their detection in a biological
fluid can offer a window to the altered cellular or tissue states, and cell-to-cell
communication in healthy and disease patients could lead to early diagnosis and
potential treatment [70].

Exosomes are natural nanovesicles and are superior to synthetic nanovesicles like
liposomes in terms of their stability, biocompatibility, plasma half-life, ability to enter
non-accessible tissue regions, and their role in immunomodulation. Exosomes are
potentially effective drug delivery vehicles, but their nonspecific targeting feature
limits their use in drug delivery applications [71]. However, engineered exosomes
secreted by specific cell types could overcome this problem.

Exosomes have recently shown potential in regulating therapeutic functions
via cell-to-cell communications. Induced pluripotent stem cells derived exosomes
(iPSCs-Exos) are being examined as a natural therapeutic nanoparticle for treating
corneal epithelial defects. iPSCs-Exos have induced cell proliferation, migration,
cell cycling, and apoptosis inhibition of human corneal epithelial cells (HCECs)
in-vitro. Studies also showed the upregulation of cyclin A and CDK2 that induce
the HCECs to enter the S phase of the cell cycle for potential regeneration. In vivo
studies also revealed the accelerated healing potential of iPSCs-Exos in treating
corneal epithelial defects [72]. Zhong and coworkers showed that when exosomes
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derived from human umbilical cord mesenchymal stem cells (HucMSC-Exos) were
combined with an autophagy activator, they positively affected the repair of a
corneal injury (CI). The repair process was regulated by accelerated cell prolifera-
tion and migration while inhibiting apoptosis and inflammation by activating the
AMPKmTOR-ULK1 autophagy pathway [73]. Han et al. [74] examined the possible
role of exosomes in corneal wound healing and neovascularization. They showed
exosomes between epithelium and stroma after epithelium debridement during
the wound healing process. Exosome-like vesicles were also observed in the stroma
after anterior stromal keratectomy. They were fused with keratocytes to induce
myofibroblast transformation in vitro. These epithelial-derived exosomes also
helped induce endothelial cell proliferation, indicating the ability of exosomes to
communicate among corneal epithelial cells, keratocytes, and vascular endothelial
cells [74].

As these naturally derived nanotherapeutics show emerging potential in treat-
ing corneal infection and regeneration, it would be interesting to encapsulate these
particles into scaffold/hydrogel for sustained release in clinical applications. In this
context, chitosan-based thermoresponsive hydrogels encapsulating exosomes derived
from induced pluripotent stem cell-derived mesenchymal stem cells (iPSC-MSCs)
were reported to reduce corneal scar formation and accelerated wound healing [75].
In addition, the sustained release of miRNA-containing exosomes helped regenerate
the corneal epithelium and stromal layer. The exosomes prevented ECM deposition
by downregulating the translocation-associated membrane protein 2 (TRAM2) gene,
providing a new strategy for the clinical treatment of fibrotic corneal diseases [75].
Exosomes are paving a new path with their potential utility for early diagnosis and
treatment of corneal diseases. Their incorporation into biomaterial-based hydrogels
could facilitate their use as therapeutic particles for sustained release in clinical
applications.

7. Conclusion and perspective

Corneal transplantation is the only widely accepted treatment for corneal blindness.
However, the shortfall of high-quality donor cornea worldwide has made it very
challenging. Several approaches have been explored to replace donor corneas, rang-
ing from incorporation of stem cells and decellularized extracellular matrix scaffold
to cell-free approaches. Cell-free biomaterial approaches have shown promising
potential in promoting in situ corneal regeneration without aggravating the risk of
rejection. In-situ gelation of biomaterials opens a new path in corneal regeneration as
it does not require extensive surgical intervention, and could reduce the risk of infec-
tion, scar formation, and patient discomfort. However, this technique is ineffective in
patients with depleted stem or progenitor cells.

More research focusing on developing of biomaterials for high-risk patients is
needed. Exosomes derived from cells have recently shown potential in early diagnosis
and capabilities to modulate pathological disease state. Future studies should focus on
understanding the role of exosomes in corneal pathologies and combining biomateri-
als with exosomes to explore the additive effect of both strategies.

Finally, it is essential to consider regulatory pathway beforehand while designing
and developing corneal implants for clinical applications for effective translation
from bench-to-bench side.
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Nomenclature

ALDH3A1 aldehyde dehydrogenase 3A1 (ALDH3A1)

B-GD p-glycerophosphate disodium salt hydrate

CD34 Cluster of differentiation 34

CEnCs Corneal endothelial cells

CI Corneal injury

cLESCs Canine limbal epithelial stem cells

CLPs Collagen-like peptides

Col Collagen

DEX Dexamethasone

DHL Decellularized human limbus

ECM Extra cellular matrix

EDC 1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide hydrochloride
EVs Extracellular vesicles

Gel MA Methacrylated gelatin

HA Hyaluronic acid

HASCs Human adipose stem cells

HPCTS Hydroxypropyl chitosan

HucMSC Human umbilical cord mesenchymal stem cells
iPSCs-Exos Induced pluripotent stem cells derived exosomes
iPSC-MSCs Induced pluripotent stem cell-derived mesenchymal stem cells
LEPCs Limbal epithelial progenitor cells

LKP Lamellar keratoplasty

LMs Limbal melanocytes

LSCs Limbal stem cells

LSCD Limbal stem cell deficiency

MFX Moxifloxacin

MPC 2-methacryloyloxyethyl phosphorylcholine
MSCs Mesenchymal stem cells

NHS N-hydroxysuccinimide

PCL Polycaprolactone

PEG Polyethylene glycol
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Chapter11

Current Diagnostic Tests for Dry

Eye Disease in Sjogren’s Syndrome

Maria del Rosario Sdanchez Valerio

Abstract

Sjogren’s syndrome (Sicca Syndrome) is mainly characterized by the presence of
dry eye disease (DED). The diagnosis of DED in patients with Sjogren’s syndrome has
been limited to tests such as the Schirmer test, tear breakup time (TBUT), and corneal
stains; however, currently we can evaluate the functional unit in detail lacrimal, which
is affected in patients with dry eye and Sjégren’s syndrome; thanks to technology that
provides objective details for this difficult diagnostic. The newer evaluations that provide
the greatest diagnostic value for Sjogren’s syndrome are: noninvasive keratograph
tear rupture time (NIKBUT), tear meniscus height (TMH), Schirmer’s test, meibog-
raphy, ocular surface disease index (OSDI), Vital stains of the ocular surface, Matrix
Metalloproteinase 9 (MMP-9), Tear osmolarity (TearLab); all of these are important
complements to the existing tests, which, although less objective, are not substitutable.

Keywords: NIKBUT (noninvasive keratograph tear rupture time),

TMH (tear meniscus height), Schirmer’s test, meibography, ocular surface disease
index (OSDI), vital stains of the ocular surface, matrix metalloproteinase 9 (MMP-9),
tear osmolarity (TearLab)

1. Introduction

Sjégren’s syndrome (SS) is a chronic inflammatory disorder characterized by
immune-mediated exocrinopathy (inflammation and lymphoplasmacytic infiltration
of the lacrimal and salivary glands) with resulting dysfunction. It can occur primarily
or in association with a second well-defined rheumatic disease (secondary form).
Both ways, they produce inflammation of the exocrine glands with subsequent dry
eye and dry mouth [1, 2].

Patients with Sjogren’s syndrome (SS) may present with symptoms suggestive of
dry eyes. Dry eye typically manifests itself in up to 95% of SS patients; whose com-
plaints are inability to tear, foreign body sensation, conjunctival inflammation, eye
fatigue, and decreased visual acuity [3]. Dry eye disease (DED) can be complicated by
keratoconjunctivitis sicca, blepharitis, bacterial keratitis, or corneal ulcer [4]. Uveitis,
episcleritis, and orbital pseudotumor are systemic manifestations that rarely occur in
patients with Sjogren’s syndrome [5].
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2. Dry eye disease (DED)

“Dry eye disease (DED) is a multifactorial disease of the ocular surface char-
acterized by a loss of homeostasis of the tear film, and accompanied by ocular
symptoms, in which tear film instability and hyperosmolarity, ocular surface
inflammation and damage, and neurosensory abnormalities play etiological roles.”
[6]. The description to understand this definition implies the term “multifactorial
disease” recognizes DED as a significant and complex functional disorder that
cannot be characterized by a single process, sign, or symptom. The term “ocular
surface” encompasses structures including the tear film, the lacrimal and meibo-
mian glands, the cornea, the conjunctiva, and the eyelids. “Homeostasis” describes
a state of dynamic equilibrium in the body with respect to its various functions and
the chemical composition of fluids and tissues. The key elements that contribute
to the pathophysiological process, including tear film instability, hyperosmolarity,
inflammation, and damage, recognized as etiological triggers of the vicious cycle,
were considered important, along with neurosensory abnormalities, which have
appeared more and more in recent literature, for inclusion in the definition [6].

2.1 Classification

The DED classification is based on its pathophysiology, acuodeficiency dry eye
(ADDE), and evaporative dry eye (EDE). The limit in these categories is extremely
diffuse [6]. The Sjogren’s syndrome-related ADDE is a secondary phenomenon to
immune-mediated exocrinopathy affecting the lacrimal and salivary glands [6].
Findings include decreased tear flow, staining of the ocular surface of injured tissue
with vital dyes, and increased tear osmolarity. Meibomian gland dysfunction is also
common in SS patients, with a resulting increase in tear evaporation, exacerbating
decreased tear production [7, 8].

ADDE not associated with Sjogren’s syndrome may be due to primary or secondary
deficiency of the lacrimal gland, obstruction of the ducts of the lacrimal gland, and
reflex hyposecretion [6]. EDE is due to an excessive loss of water from the exposed
ocular surface, in the presence of a normal secretory function, the causes can be
extrinsic due to harmful exposure of the ocular surface or intrinsic affecting internal
structures or dynamics of the eyelid, may be due to causes related to the eyelid (e.g.,
Meibomian gland dysfunction [MGD] or decreased blinking) [6].

2.2 Pathophysiology

Tear hyperosmolarity stimulates a cascade of events in ocular surface epithelial
cells involving the signaling pathways of MAP and NFkB kinases and the generation of
inflammatory cytokines (interleukin 1 [IL-1a; IL-1f]; tumor necrosis factor a [TNF-
«]) and proteases, such as MMP-9. This stimulates and readies inflammatory cells
on the ocular surface, which become a reservoir for inflammatory mediators. These
mediators, in an environment of tear hyperosmolarity, cause a decrease in the expres-
sion of mucin in the glycocalyx, the apoptotic death of the superficial epithelial cells,
and the loss of goblet cells. However, hyperosmolarity also causes corneal epithelial
cell death through nonapoptotic processes. Goblet cell loss is a feature of all types of
DED, which is reflected in the reduction of tear levels of MUCS5AC. The alteration of
mucin expression in the glycocalyx is probably one of the reasons why ocular surface
staining occurs in DED and, since it affects the ocular surface wetting, leads to an early
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breakdown of the film tear. This amplifies or triggers hyperosmolarity on the ocular
surface, with which the vicious circle is closed and the mechanism that perpetuates the
disease is established [6]. In ADDE, tear hyperosmolarity occurs when tear secretion
is reduced due to lack of production, under normal conditions of evaporation from the
eye. In EDE, tear hyperosmolarity is caused by excessive evaporation of the tear film
with a normally functioning tear gland [6].

2.3 Eye manifestations

Patients with dry eye present with eye irritation, foreign body sensation, burning,
tearing, photophobia, stinging, or sharp intermittent pain. They may also complain
of blurred vision that improves with blinking or the instillation of artificial tears;
and they may have all, some, or none of these symptoms. A well-conducted medi-
cal history contributes greatly to a correct diagnosis and guides a more focused slit
lamp examination; therefore, a thorough slit lamp examination should be performed
prior to performing any other tests, which may alter or mask relevant examination
data, resulting in a misdiagnosis. Signs of dry eye identified on slit lamp examina-
tion include superficial corneal erosions, inadequate tear lake volume, early tear film
breakdown time, conjunctival hyperemia, conjunctival surface irregularities, and
meibomian gland dysfunction [7].

2.4 Diagnosis of DED

The evaluation of the tear function is carried out by means of different tests that
translate into the presence or absence of DED; however, there is no gold standard for
the diagnosis of dry eye disease; therefore, they must frequently be associated with
each other for a reliable diagnosis; The most used in the basic ophthalmology office
are mentioned in order to compare them with the new technologies for the diagnosis
of dry eye and the sequence of how they should be applied; according to diagnosis
report methodology subcommittee of the international dry eye workshop (2007) [8].
This is summarized in Table 1.

2.5 Current methods of diagnosis

Symptoms and signs found during history and slit lamp examination may sug-
gest dry eye due to water deficiency, evaporation, or both. Additional tests should be
performed because the ophthalmologist may be the one who detects SS in a patient
with no previous medical history or who debuts with ocular symptoms. Therefore,

Clinic history

Symptom questionnaire (OSDI)

Tear breakup time (TBUT)

Ocular surface by fluorescein staining

Tear secretion (Schirmer test with or without anesthesia)

Other tests according to your availability

Bron et al. [8].

Table 1.
Test sequence basic.
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Figure 1.
Sequence of evaluations and tests in dry eye.

the choice of complementary diagnostic methods plays a very important role in the
diagnosis, in the same way the sequence to carry out the tests and its correctly applied
methodology will be a key point for a successful diagnosis, preventing the tests from
overlapping and reporting false negatives or positives [9]. The suggested sequence of
evaluations and tests is shown in Figure 1.

2.5.1 Symptom questionnaire

The ocular surface disease index (OSDI) was developed to provide a rapid assess-
ment of the symptoms of eye irritation caused by dry eye disease and its impact on
vision-related functioning, It is a 12-item questionnaire to evaluate ocular symptoms,
functional limitations, and environmental factors related to the environment. Each
item has five categories with three subscales with their own type of question; emphasis
is placed on symptoms such as photophobia, grit, eye pain, blurred vision, in a period
of 2-4 weeks before the visit. The OSDI is a self-administered questionnaire, it con-
tains 12 items to evaluate the symptoms of the ocular surface; that implies little burden
and little time for the patient. The OSDI has an overall score and three subscale scores:
(A) ocular symptoms [three items], (B) vision-related function [six items], and (C)
environmental triggers [three items]. Each OSDI item is scored on a Likert-type scale
ranging from 0 to 4 points, where 0 indicates none of the time and 4 all of the time.

The total OSDI score was then calculated based on the following formula;

OSDI = [(Sum of the scores of all answered questions) x 100]/[(Total number of
answered questions) x 4].

Overall and subscale OSDI scores range from 0 to 100. Based on their OSDI scores,
patients can be classified as normal (0-12 points) or mild (13-22 points), moderate
(23-32 points) or severe ocular surface disease (33-100 points) [10]. The reliability
indices of the OSDI recently reported indicate that it is adequate, the Pearson correla-
tion was higher than 0.8, and the ICC range was from 0.827 to 0.982; In addition, it was
evaluated that it has a parallel reliability between the written and web versions [11].

2.5.2 Tear osmolarity

Tear osmolarity in normal subject ranges from 308 to 312 mOsm/1 [12]. In
individuals with DED associated with SS, osmolarity is significantly higher than in
subjects with DED not associated with SS and even more than in healthy controls
[13]. Also some studies have shown positive correlations between tear osmolarity and

170



Current Diagnostic Tests for Dry Eye Disease in Sjogren’s Syndrome
DOI: http://dx.doi.org/10.5772/intechopen.103671

disease activity in patients with SS [14]. Dry eye can be due to both increased evapo-
ration, deficiency in its production, and alteration of the composition, in all cases the
pathophysiological sequence culminates with an increase in the osmolarity of the tear
film (hyperosmolarity) [15].

The evaporation of a smaller volume for the same surface increases osmolar-
ity during the first 24 h from the beginning of the volumetric decrease [16].
Hyperosmolarity causes epithelial damage directly as it causes cell desquamation,
complete disappearance of the superficial epithelial cell layers, decrease in cytoplas-
mic density, and accumulation of rows of mucus product of osmotically altered goblet
cells. This phenomenon is generally evident between 15 and 30 days after the osmolar
change of the tear film [17]. The epithelium of the cornea and conjunctiva must be
completely moistened for complete wettability; the ocular surface conditions warrant
that the surface tension of the aqueous layer at the interface with the epithelium is
lower than the surface tension of the epithelium that is exposed to the medium [18].
In the mucous layer, mucopolysaccharides are directly responsible for maintaining
surface tension stability. Under hyperosmolar conditions, there is accumulation of
mucus and destruction of mucin-secreting cells, which causes an increase in surface
tension with the consequent decrease in the wettability of the corneoconjuncti-
val epithelium. The principle of osmosis is characterized by the flow of a solvent
through a semipermeable membrane, which is generated when there is a difference
in concentrations on one side of the membrane; this movement tends to equalize the
solute concentrations on both sides, and there the flow stops. The corneoconjunctival
epithelium and the mucous layer are a semipermeable barrier on the ocular surface,
by increasing osmolarity in the aqueous layer; the aqueous gradient through the water
protein channels present in the stroma and toward the aqueous humor; they change
in the opposite direction. This directional fluid change produced by hyperosmolar-
ity can cause dehydration of Sulfated Glycosaminoglycan (GAGS) that occupies the
spaces between the collagen fibers of the stroma [19, 20]. When these glycoprotein
structures are dehydrated, the correct water balance of the stroma will be affected,
which will affect the normal maintenance of corneal transparency [21].

The osmolarity of the tear film in dry eye triggers inflammation, immunological
processes, and the presence of autoantigens that enhance the inflammatory process.
As an example of this, inflammatory markers such as NF-Kp that migrates from
the nucleus to the cytoplasm in the inflammatory process are directly related to the
phenomenon of hyperosmolarity of the tear film. Nuclear translocation of NF-Kp has
been shown to be directly proportional to increased tear film osmolarity [22].

Hyperosmolarity is so important in the pathophysiology of dry eye disease that
increased osmolarity of the tear film has been suggested to induce functional and
structural damage to the corneal nerves and neurotoxicity [23].

The TFOS Dry Eye Workshop II (DEWS II) subcommittee report concluded: “Tear
hyperosmolarity is considered to be the trigger for a cascade of signaling events within
surface epithelial cells, leading to the release of inflammatory mediators and proteases.
These mediators and tear hyperosmolarity cause the loss of goblet cells, epithelial cells
and damage to the epithelial glycocalyx. The inflammatory mediators of activated T
cells, recruited on the ocular surface, reinforce the damage; resulting in punctiform
epitheliopathy characteristic of DED and tear film instability leading to early tear film
rupture. This rupture increases the hyperosmolarity of the tear and completes the
vicious circle events that cause damage to the ocular surface” [24]. While sophisticated
equipment is required to measure tear film osmolarity, we can assess the sodium con-
centration that we obtain from tears by wetting a Whatman 41 paper strip in the usual
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way for the Schirmer test, then colorimetrically measuring the sodium concentration
in that. More specifically, the Tear Lab osmolarity system is designed to measure tear
osmolarity and facilitate diagnosis in patients with suspected dry eye syndrome. Tear
Lab measures osmolarity in 10 s and integrates seamlessly into clinical workflow. The
evaluation of tear osmolarity has been shown to be a superior marker to determine the
severity of DED, with respect to TBUT, Schirmer I, corneal and conjunctival staining,
Meibomian classification and OSDI, whose specificities are (60%, 79%, 85%, 67%,
76%, and 79%) respectively. The test card in conjunction with the Tear Lab Osmolarity
System offers a quick and easy method to determine tear osmolarity using nanoliter
(nl) volumes of tear fluid obtained directly from the edge of the eyelid. To perform
atest, a new test card must be inserted into the collecting pen; then contact the tip

of the pen with the tear meniscus, located on the lower eyelid. Once the collection is
complete, the pen is placed in the reader’s docking station, which will display a quan-
titative osmolarity test result on the liquid crystal display (LCD) (Figure 2). The Tear
Lab osmolarity system simplifies the tear collection process by eliminating the need to
move tear fluid samples and reducing the risk of evaporation [25].

2.5.3 Matrix metalloproteinase 9 (MMP-9)

The matrix metalloproteinase test (MMP-9) is a useful technique to complement
the diagnosis of DED recently developed. Matrix metalloproteinase 9 is an inflam-
matory biomarker that has been shown to be elevated in the tears of dry eye patients
[26]. In tears, MMP-9 expression is normally less than 40 ng/ml and is secreted from
the ocular surface epithelium [27]. MMP-9 maintains epithelial barrier function by

\

Figure 2.
TearLab.
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breaking down components of the epithelial basement membrane and tight junction
proteins, such as ZO-1 and occludin [28, 29]. But in addition, MMP-9 is related to the
pathogenesis of various diseases, such as sterile ulceration, ocular allergy, keratoco-
nus, conjunctivachalasia, and DED [30-32].

In the pathology of DED, since tear hyperosmolarity begins in the early phase
of DED, a vicious circle probably induces inflammatory processes and triggers the
release of MMP-9 in a relatively late phase of DED [33]. Detection of elevated MMP-9
in tears could be an ideal tool for the diagnosis and treatment of tear dysfunction [34].

The technique for using the MMP-9 device (InflammaDry test) is as follows: the
sampling fleece is contacted three times at each location of the lower eyelid conjunctiva
(temporal, middle and nasal; from nasal to temporal direction), and it rests against the
temporal conjunctiva of the lower eyelid for an additional 5 s. After the sampling fleece
is assembled on a sample collector and pressed, the test strip is immersed in a solution for
20 s; 10 min after taking the sample, the result is read (Figure 3).

InflammaDry, this type of device has the advantages of low cost, quick analysis,
and ease of device preparation. However, it has been studied that a small sample
volume, the reliability of the test result can be significantly affected [35].

It has been studied that the elevation of tear MMP-9 in patients with ED appears to
have a good diagnostic yield and a correlation with the clinical severity of DED [26, 27].
The reliability for this test was 85% sensitivity and 94% specificity for the diagnosis of
DED [36]. But despite these very promising values, two separate reports showed moder-
ate to low positivity in an immunoassay for MMP-9 in study subjects with DED [36-38];
reporting that there were no differences between subjective symptoms and clinical signs
of DED between MMP-9 positive and negative groups [37, 38]. In general, although
it is a nonspecific marker for patients with DED [39, 40], various immunoassays have
reported its usefulness as an aid in the diagnosis of dry eye; however, there are factors
that may influence the results of MMP-9 in tears; one of them was demonstrated in an

Figure 3.
InflamaDry.
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immunoassay where it was concluded that the positivity of the test can depend on the
volume of the load and that therefore it can cause false negatives in diseases with aque-
ous deficiency such as Sjogren’s syndrome or graft-versus-host disease [41]. Other useful
benefits are the identification of patients with inflammation of the ocular surface and
autoimmune disease and can facilitate the decision to establish an anti-inflammatory
treatment in these patients [30]. In the same way, its usefulness for the preoperative
management of the ocular surface was reported, reducing possible complications when
there is an underlying disease. Additionally, this test can also help indicate the need

for anti-inflammatory therapies, such as cyclosporine or steroids, and can also predict
which patients are most likely to respond [42].

2.5.4 The Schirmer test

The Schirmer test was introduced by Schirmer in 1903, despite the time and disad-
vantages of performing it, it is still used in most parts of the world, as part of the dry
eye test battery. The Schirmer test is a diagnostic method to evaluate the production of
watery tears [43, 44]. Topical anesthesia may or may not be used during the proce-
dure, depending on the physician’s preference, and may even include nasal stimulation
to induce reflex tearing. The Schirmer test allows the study of total tear secretion, that
is, it evaluates the sum of the basal secretion plus the reflex secretion if performed
without anesthesia; but if performed under anesthesia, it measures the basal secretion
produced by the accessory lacrimal glands located in the conjunctiva. The Schirmer
test is a diagnostic method to evaluate the production of watery tears [44, 45].

Initially, the method described to perform the Schirmer 1 test is as follows: it
should be performed a few minutes after the instillation of topical anesthetic to
inhibit the reflex secretion produced by the main lacrimal gland. Whatman No. 1
filter paper 5 mm wide and 35 mm long is used. It is placed in the cul-de-sac at the
level of the outer third of the lower eyelid, in a low-light environment, with the
patient with his eyes open, and the length of the paper that has absorbed moisture is
measured at 5 min [46].

The Schirmer test remains a useful and repeatable test; although over the years
several authors have made modifications to their methodology to improve the reli-
ability of the test results; Such studies have been justified by mentioning the lack
of practicality for ophthalmologists, especially when performing it routinely due to
the 5-min time frame [45]. Therefore, correlations have been evaluated between the
different wetting times, the size of the paper strip, or whether it is done with eyes
open or closed [45, 47, 48]. The results are controversial. Some authors support the
hypothesis that the shorter durations of the 5-min Schirmer test, such as the 1-min
test under anesthesia, have a high correlation with the 5-min test and will make this
test much more practical for patients [45]. Others affirm that the correlation in this
modification was poor and consider it inappropriate to shorten the duration of the
Schirmer test [49]. As this controversy has been generated, other tests have been tried
with a shorter soak time, such as the Schirmer test of 2 min under anesthesia, and that
the 3 mm wide paper strip could be used instead of the standard strip of 5 mm wide;
finding results that correlate well with the 5-min test [47]. Then another study was
conducted with a 3-min time, the results of which reveal that the 3-min Schirmer test
is a reliable alternative for the diagnosis of dry eye and is more useful in daily oph-
thalmic practice [50]. The position of the eyes (open or closed) when performing the
Schirmer test has shown important differences in its results; moisture values in the
Schirmer test with eyes open have been reported to show significantly higher results
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compared with eyes closed [51, 52]; this may be due to the open eyes moving during
the blink, stimulating tearing under the influence of the strip.

Other factors that could influence the results of the Schirmer test are head posi-
tion, lighting, strip position, corneal condition, humidity, and ambient temperature,
so it is important to consider these factors to achieve the standardization of this
important diagnostic tool [51].

Therefore, the recommendation to perform the Schirmer test under anesthesia is
to perform it with the eyes closed; this could reduce humidity variations, evaporation,
and especially reflex tearing [51, 52].

The interpretation of the results of the Schirmer test is different depending on
whether anesthesia is used or not. In patients with dry eye, there are clinical dif-
ferences between the ADDE and EDE types, since the presence of ADDE strongly
suggests the suspicion of Sjogren’s syndrome; however, although they also present dif-
ferences in the physiology of tears between these types, no significant differences are
found in tear osmolarity, volume, or distribution [53]. In the Schirmer test without
anesthesia, total secretion (basal and reflex) is evaluated, the cutoff point is between
10 and 15 mm, and in the Schirmer test with anesthesia, reflex secretion is evaluated,
and the cutoff point for this test is <5.5 mm/5 min; sensitivity is 85% and specificity is
83% [54]. The Schirmer II test is used on special occasions, as it requires stimulation
of the nasal surface with a cotton-tipped applicator and subsequent measurement of
reflex tear production. The disadvantages of the Schirmer test, in all its variants, are
the time required, patient discomfort, and the low reliability of the test [54, 55].

2.5.5 Tear breakup time (TBUT)

The tear breakup time (TBUT) measures the stability of the tear film. With
instilled fluorescein, TBUT is the time interval after a patient blinks until the first
appearance of dryness in the tear film [56]. TBUT is measured by inoculating fluores-
cein into the cul-de-sac, asking the patient to hold the eyelids open after 1-2 blinks,
and counting the seconds until a dry spot appears. The appearance of dry spots in less
than 10 s is considered abnormal (Figure 4) [57]. Subsequently, alternative values

Figure 4.
TBUT.
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for BUT are determined by comparing young populations with dry eye and healthy
controls, reporting that values less than 5 s occur in subjects with dry eye [58]. The
TBUT presents a sensitivity of 72.2% and specificity of 61.6%. The standardization of
the method to perform the tear rupture time was carried out by Johnson and Murphy
in 2005 [59]. The procedure is summarized in Table 2.

Although this test is inexpensive, quick to perform, and uses readily available
supplies, it is poorly reproducible and inaccurate [60, 61]. However, the average score
of two separate TBUT measurements helps increase their repeatability [62].

2.5.6 Noninvasive kevatograph breakup time (NIKBUT)

The tear breakup time (TBUT) was considered one of the most repeatable tear
film measurements and although invasive, easy to perform, and interpret [63, 64].
TBUT traditional objective tests are often limited by their invasiveness and low test
repeatability and reproducibility [64]. For this reason, new methods of evaluation of
the tear film emerged and with the help of the keratograph 5M (K5M) topography,

a more objective way of evaluating tear film stability emerged; calling this measure-
ment noninvasive keratograph breakup time (NIKBUT). The time is measured

in seconds between the last complete blink and the first alteration of the Placido
rings projected on the corneal surface, which the device automatically detects and

1. Instill 1st 5 ul sodium fluorescein 2% in cul-de-sac

2. The patient is asked to blink naturally, loosely so that the fluorescein is naturally distributed.

3. After 10-30 s, the patient is asked to look straight ahead without blinking until instructed.

4. Set the magnification of the biomicroscope to 10x, keep the background illumination constant (cobalt
blue light) and use a 12 Wratten yellow filter to improve the observation of the tear film over the entire
ocular surface.

5. Use a stopwatch to record the complete blink time and the appearance of a growing micelle.

Tomado de [59].

Table 2.
Evaluation of tear rupture time.

Figure 5.
NIKBUT.
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measures. K5M performs two measurements for NIKBUT: the time when the first tear
film break occurs (NIKBUT-first) and the average time of all tear incidents (average
NIKBUT) (Figure 5). Oculus K5M provides noninvasive, objective, and reproducible
tear film measurements [65].

2.5.7 Sjogren’s international collaborative clinical alliance ocular surface staining
(SICA OSS)

Ocular surface staining with various dyes is used to characterize the disease, assess
its severity, and monitor the clinical response to therapy. Fluorescein stains macro-
ulcerative and punctate epithelial defects (positive staining) and appears orange
under cobalt blue light. Classification of ocular surface staining after instillation of
vital dyes is a critical diagnostic component of dry eye. These changes in the ocular
surface are now documented with various staining scales such as Oxford, Nei-Clek,
and SICA OSS [66]. The evaluation of the ocular surface and the qualification of the
three scales are carried out with the methodology described in Table 3.

To evaluate the SICCA OSS, it gives the same numerical weight to the corneal and
conjunctival changes, the staining must be done in two steps. Fluorescein staining is
first performed and the cornea is examined with the slit lamp using the cobalt blue
filter. Corneal epithelial staining is a dynamic and time-sensitive process; there-
fore, to ensure that the test is reproducible, the fluorescein evaluation should begin
4-8 min after instillation of the dye. Punctate epithelial erosions (PEE) that stain
with fluorescein are counted and scored as follows. If there is no PEE, the score is 0. If
1-5 PEE are seen, the corneal score is 1 (Figure 1a). From 6 to 30 PEE they are scored
as 2; and >30 PEE are scored as 3. An additional point is added if: (1) PEE occurred
in the central 4 mm diameter part of the cornea (Figure 1b); (2) one or more fila-
ments are seen anywhere on the cornea; or (3) one or more confluence patches. The
spots, including the linear spots, are found anywhere on the cornea (Figure 1c). The
fluorescein score for the cornea (the PEE grade plus any extra points for modifiers)
is noted in the center square of the SICCA eye staining score form (Figure 2). The
maximum possible score for each cornea is 6 [67].

The second step is the evaluation of the conjunctiva with lysamine green, it is
observed in the slit lamp using a 10x magnification but with reduced illumination
and using a neutral density filter. It is important to examine and grade the eyes
immediately after applying the lysamine green tint because the intensity and spread
of the tint in the eye rapidly diminish after the first 2 min. In addition, the patient
must blink several times to prevent the dye from accumulating in the conjunctival
folds, which can mimic conjunctival staining. If the dye is not properly instilled, a
second drop can be administered and the test is performed immediately afterward.

1. Fluorescein is applied

2. The biomicroscope is configured with 10x magnification and use of cobalt blue light in addition to a
yellow filter.

3. Cornea: The upper eyelid is lifted to evaluate the total score of the staining or its absence.

4. Conjunctiva: To determine the degree of staining of the nasal and temporal conjunctiva, the subject is
asked to look to the opposite side to evaluate said area.

Tomado de [66].

Table 3.
Evaluation of the ocular surface (Oxford, Nei-cleck and Sica OSS).
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SICCA Ocular Staining Score

Right Eye Left Eye
Staining pattern score: Lissamine Groen  Fluorescein Ussamine Green  Fluorescein
(conjunciiva only)  (comea anly) (conjunctiva only)  (comea only)
Grade Dot | Grade Dot Grade Dots
i | el —
o o | o| o0 [ ] 0
BT 1| wa P 5
2| 820 2|® |:>ﬂ 2| 630
3| »% il» 100 V1 30
Wi / {,———\\ =
04a)0 a0)ad
\/ N =
. -
o e
Extra points-fluorescein only: D +1 - patches of confluent staining ] +#1 - patches of confiuent staining
(Mark all that apply and add
to fluorescein score) [ +1- staining in pupilary area [ #1 - staining in pupiliary area
D +1 - one or more filaments D +1 - one or more filaments
Total Ocular Staining score: m [j:]

Total ocular staining scores of 0 to 12 per eye assess the range of severity for keratoconjunctivitis sicca.

Figure 6.
Sjogren international collaboration clinical Alliance (sicca) ocular staining score form.

The evaluation of this second staining in SICCA OSS, grade 0 (Figure 3a) is defined
as 0-9 points of lysamine green staining of the interpalpebral bulbar conjunctival
(nasal and temporal bulbar conjunctiva classified separately); grade 1 (Figure 3b)
is defined by the presence of 10-32 points; grade 2 (Figure 3c) from 33 to 100; and
grade 3 (Figure 3d) >100 points. Due to the difficulty of counting individual points
in a moving eye in the slit lamp, any area of confluent staining >4 mm? is considered
>100 points. The nasal and temporal areas of the conjunctiva are classified separately
with a maximum score of 3 for each area or a maximum total score of 6 for each
eye (nasal plus temporal). The total SICCA OSS value for each eye is the sum of
the fluorescein score for the cornea and the lysamine green scores for the nasal and
temporal bulbar conjunctiva. Therefore, the maximum possible score for each eye is
12. The eyes are classified separately and the scores are recorded on the SICCA OSS
Eye Staining Scoring Form at each patient visit. Pinguecula stain, pterygium, and
Schirmer’s strip artifacts should not be included in the evaluation [67].
A value greater than 0 is considered abnormal and can be a sign of KCS. But scores of
1 or 2 can also represent a late staining artifact, if in the corneal fluorescein interpreta-
tion the staining pattern is delayed more than 8 min. Since this could lead to a high level
of misclassification, an abnormal OSS is defined as a score of 3 or more (Figure 6) [67].
In one study, the relationship between serological markers and dry eye sever-
ity was investigated in subjects with primary Sjégren’s syndrome (SS). The serum
markers anti-Ro/SSA, anti-La/SSB, rheumatoid factor (RF) and antinuclear antibody
(ANA), ocular surface disease index (OSDI), Schirmer test I values, time to rupture of
the tear film, and SICCA ocular staining score (OSS) were determined. Finding what
serum RF and ANA levels are associated with conjunctival staining scores and total
OSS based on SICCA OSS in primary SS [68].

2.5.8 The tear meniscus height (TMH)

The meniscus, or lacrimal lake, is the amount of tears that rest at the junction
of the bulbar conjunctiva and the margin of the lower eyelid. Measurements of
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the height and curvature of the tear meniscus are used to determine the presence
or absence of dry eye [65]. The normal height of the tear meniscus is 0.2-0.5 mm;
but in patients with dry eye, it is usually less than 0.2 mm [69, 70]. The evalua-
tion of the tear meniscus should be carried out without having instilled artificial
tears or other types of drops; since it can be higher and therefore unreliable;
although measurement of the tear meniscus is a good parameter for determining
tear production, a low tear lake alone does not necessarily indicate dry eye and
should be used as an adjunct to other dry eye tests [69]. The tear meniscus can be
reliably assessed using a slit lamp that is capable of micrometer measurements, or
it can be done by taking a photograph of the tear meniscus after instilling a small
amount of fluorescein. Tear meniscus height (THM) is a noninvasive test for tear
quantification and is used as a reliable and repeatable adjunct to the diagnosis

of DED [71]. Placido’s advanced topography, the keratograph 5M (K5M; Oculus
Optikgerate GmbH, Wetzlar, Germany), has additional imaging modalities
designed to measure TMH [72, 73]. TMH can also be measured using a corneal
adapter, in optical coherence tomography, RT'Vue-100 FD-OCT system (Optovue,
Fremont, AC); reliably and noninvasively. Studies comparing these technolo-
gies found that although the tear meniscus height measurements measured with
keratography are lower than those taken with OCT, they are closely correlated
with each other; therefore, either method could be useful to assess the height

of the tear meniscus more objectively [74]. Lacrimal meniscus height (TMH) is
an important test because it shows a positive correlation with the value of the
Schirmer test [75, 76]. Lacrimal point occlusion in patients with dry eye has been
shown to induce increases in the volumes of the upper and lower tear meniscus,
but no change in lacrimal menisci of control eyes; this may indicate the presence
of a self-regulatory mechanism in the lacrimal system that maintains balance in
tear volume (Figure 7) [77].

Figure 7.
Tear meniscus height.
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2.5.9 Meibography

The meibomian glands are highly specialized sebaceous glands that secrete a lipid
compound that is responsible for tear stability. Meibomian gland disease (MGD)
is defined as a chronic and diffuse abnormality of the meibomian glands (MG),
commonly characterized by terminal duct obstruction and qualitative/quantitative
changes in glandular secretion [78]. The prevalence of MGD in published studies
ranges from 20% to 70%, depending on diagnostic criteria for evaluating MGD and
geographic differences [79, 80]. MGD is considered the main cause of evaporative dry
eye [81, 82].

The pathophysiology of MGD is complex and involves several mechanisms and
risk factors, including primary obstructive keratinization of the MG orifices, inflam-
mation of the eyelids, abnormal MG secretion, and changes in the microbial flora of
the ocular surface or Demodex infestation [24].

Among the main mechanisms of pathophysiology of MGD in patients with
SS, the following have been proposed. Women with pSS have been shown to have
androgen deficiency similar to that of patients with SLE and RA [83]; in these
patients there is a significant decrease in serum levels of androgen precursors
(DHEA [dehydroepiandrosterone] and DHEA sulfate), which are the main substrate
for androgen synthesis in peripheral tissues. Androgen deficiency in humans has
been found to be associated with an increase in eyelid keratinization and the number
of occluded and metaplastic orifices of MGs; reduction in the quality of meibum;
altered lipid patterns of the meibum; a decrease in the breakup time of the tear
film; increased corneal staining with consequent increase in DED symptoms. It has
been proposed that the beneficial effect of androgens stimulates the function of this
glandular tissue, increasing its lipogenesis and suppressing its keratinization, this
may explain why androgen therapy relieves signs and symptoms of DGM and DED
in humans [24].

Additionally, it has been proposed that androgen deficiency can lead to a decrease
in the influence of insulin-like growth factor 1 (IGF-1) on the meibomian glands.
These androgens increase IGF-1 production, positively regulate IGF-1 receptor
expression, modulate IGF-1 signaling, and stimulate human meibomian gland epi-
thelial cell function [84]. On the other hand, there is an accumulation of lymphocytes
in the conjunctiva of patients with SS and leads to signs of tarsal and periglandular
inflammation. Such conjunctival inflammation can create a toxic environment,
leading to the release of proinflammatory cytokines that affect the terminal duct of
the meibomian gland [85]; as evidence of this, both SSp and SSs subjects and MGD
patients showed occluded metaplastic orifices of the MG, as well as decreased quality
of the secretions of these glands. These signs are characteristic of obstructive MGD
(hyperkeratinization of the terminal duct epithelium, reduced quality of the meibum,
and posterior obstruction) [24]. It has been hypothesized that some symptoms in
PSS patients, such as sleep disturbances, depressed mood, and fatigue, may also lead
to GDM due to decreased blinking, as the above symptoms are already the result of
a lower secretion of dopamine, positively with the frequency of blinking. In patients
with SS, the lacrimal glands are severely damaged early in the disease; however, the
meibomian glands in patients with SSp will undergo further deterioration when the
clinical history of dry eye is more than 3 years [85].

Another mechanism contributing to MGD in SS may be that lymphocytic
infiltration adjacent to the tarsal conjunctiva in SS could trigger gland destruction.

180



Current Diagnostic Tests for Dry Eye Disease in Sjogren’s Syndrome
DOI: http://dx.doi.org/10.5772/intechopen.103671

However, it is possible that conjunctival inflammatory cytokines secreted in the tear
film promote hyperkeratinization of the terminal duct epithelium of the meibomian
gland [24]. Another process implicated in the pathophysiology of MGD in SSp may
be a cytokine-induced alteration in neural-meibomian gland epithelial cell interac-
tions. The meibomian gland is the only sebaceous gland in the human body that has
elaborate sensory, sympathetic, and parasympathetic innervation. We found that
parasympathetic neurotransmitters and their agonists exert a significant influence on
human meibomian gland epithelial cell activity. These cells contain muscarinic acetyl-
choline and vasoactive intestinal peptide receptors, and the ligands of these receptors
stimulate the adenylyl cyclase pathway, enhance intracellular [Ca’*], and can promote
cell proliferation [85, 86].

Meibography is a diagnostic technique that allows in vivo evaluation of the
morphology of the meibomian glands [87, 88]. For its evaluation, several techniques
have been developed, among which are meibography with infrared light. This uses
ultraviolet light to produce fluorescence of the gland, the eyelid is everted and
through transillumination photographs are obtained to obtain images, which are later
graded according to the loss of the meibomian glands. The classification of these
images go from O to 3; being 0 when there is no loss, 1 when the loss of glands is less
than one-third, 2 when the loss is between one-third and two-thirds and 3 when the
loss is greater than two-thirds. Meibomian glands are observed differently depend-
ing on the method to evaluate them, for example, they appear as dark areas on a
lighter background in the contact technique. In contrast, noncontact meibography

Figure 8.
Meibography.
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reveals the meibomian glands as reflected images, and the glands appear as light
areas on a darker background [89]. The types of meibography that allow the capture
of the morphology of the Meibomian gland in the form of photographs or films are
LipiView 2; Tear Science, Cobra, LipiScan, and Tearscope [89]. The meiboscore [87]
and the meibo-scale [90] are classification systems to quantify the loss of area of the
meibomian gland. The meiboscores of the upper and lower eyelids are summed to
obtain a total score of 0-6 for each eye [87]. In contrast, meibo-scale assigns a value
from 0 to 4 for each eyelid [90]. The sensitivity and specificity for the diagnosis of
MGD by noncontact meibography (cutoff value for meiboscore of +3) as a single
test were found to be 49.3% and 64.5%, respectively [91]. The diagnosis of obstruc-
tive MGD based on any of the three scores (ocular symptom score, eyelid margin
anomaly score, and meiboscore) resulted in a sensitivity of 100% and a specificity of
68.3%; the diagnosis based on two of the three abnormal scores yielded a sensitivity
of 84.9% and a specificity of 96.7%; and diagnosis based on the fact that all three
scores were abnormal yielded a sensitivity of 66.0% and a specificity of 100%
(Figure 8) [92].

3. Conclusions

The new emerging technologies for the diagnosis of DED represent a more
objective way of talking about this entity that does not have a gold standard for its
diagnosis, they facilitate the work and are very useful for research purposes. It is also
important to mention that these technologies are of great help to provide an accurate
diagnosis and accurate treatment; however, the preexisting tests for the diagnosis of
DED are still useful and when applied with adequate methodology and the required
sequence, they provide reliable data to make a correct diagnosis of DED; therefore
they continue to be valid and must continue to be transmitted to new generations,
especially to take advantage of contact with the patient and clinical observation that is
not substitutable with anything.
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Abstract

Diabetic retinopathy (DR) is a progressive microvascular disease considerer as the
most important cause of acquired vision loss in the world. OCT angiography (OCT-A)
has drastically improved the diagnosis and follow-up of DR showing alterations before
changes in the fundus will be visible. With OCT-A, it is possible to quantify several
parameters such as the macular vascular density (MVD) and foveal avascular zone
(FAZ). This new technique will be important for early detection, follow- up, and moni-
toring treatment response. OCTA is a very promising image technique that is continually
improving and offers numerous advantages over FA in DR management; nevertheless,
there are technical limitations that must be improved.

Keywords: diabetic retinopathy, retina, optic coherence tomography

1. Introduction

Diabetic retinopathy (DR) is a progressive microvascular disease considered
as the most important cause of acquired vision loss in the world [1]. World Health
Organization (WHO) estimated that in 2030 about 366 millions of adults will be
affected with diabetes mellitus (DM) and 191 million with DR [2].

DR is characterized by functional and structural alterations on retinal
microcirculation. Ischemia is one of the most important factors for progression of
DR. Retinal ischemia is responsible of oxygen defect in retinal tissues because retinal
neurons need high levels of oxygen, and this supposes an increased production of
pro-angiogenic factor such as vascular endothelial growth factor (VEGF) [3, 4].

Histopathological findings show the existence of structural changes in vascular
wall that preceded the visible changes on fundus [5, 6].

On the last decade, optical coherence tomography (OCT) and its recent evolution
to the OCT angiography (OCT-A) have drastically improved the diagnosis and
follow-up of DR [7].

OCT-A is a technic that allows analysis iz vivo, is painless, and separates the dif-
ferent retinal vascular plexus, something impossible with the traditional techniques.
Currently, it has recognized four vascular plexus: superficial capillary plexus (SCP),
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intermediate capillary plexus(ICP), deep capillary plexus (DCP), and peripapillary
radial plexus (PRP) (localized in the peripapilar retinal nervous fiber layer) [8].

The OCT-A shows alterations in these plexus before changes in the fundus will be
visible. The earlier stage of DR is defined for the presence of microaneurysm (MA) on
the fundus but before that already exist histopathological changes on retinal capillaries.
Thus, OCT-A would allow to identify patients affected with DR without fundus changes.

2. Retinal lesions and OCT-A

OCT-A identifies a large number of MA that cannot be detectable on fundus explora-
tion, but less than fluorescein angiography (FA) due to slow hematic flow in the aneuris-
matic dilatations [9]. Also it is possible to analyze each plexus separately. For that, it has
been possible to observe that the majority of MA is located in the DCP [9, 10]. The MA
could be classify following its internal reflectivity (hyper or hypo). The hyperreflective
ones are associated with high flow and damage in the hemato-retinal barrier and edema.
The hyporreflectives has low flow and are more difficult to detect by the OCT-A [11].

Furthermore, OCT-A is capable of detecting other vascular anomalies such as
intraretinal vascular anomalies (IRMA) and define its structural characteristics and
extension. It is possible to identify the changes in these vascular anomalies after the
treatment with anti-VEGF drugs or laser photocoagulation.

Shimouchi et al. studied the characteristics of IRMAs before and after panretinal
photocoagulation and identified five types of IRMA: (1) without changes after laser;
(2) tuft type; (3) with reperfusion; (4) mix of 2 and 3; (5) worse after the laser. Types
2 and 5 were more related with proliferative diabetic retinopathy (PDR) [12].

IRMAs were identified as dilated and tortuous vessels near ischemia areas
[13-15]. Compared with IRMAs, retinal neovascularization (RNV) alters the
internal limiting membrane (ILM) [13] and could be identified by observing the
flow signal above ILM [13, 16].

With OCT-A it is possible to identify early points of retinal neovascularization,
impossible to differentiate from an MA in FA. Furthermore, OCT-A is better than FA
in the accuracy identification of lesion limits as the leakage of the FA could blur the
RNV border [13].

3. Measure parameters in OCT-A

With OCT-A it is possible to quantify the macular vascular density (MVD)),
defined as the proportion of vessels related to the total area studied over the base of a
binarized image [9]. It is necessary to interpret the images with caution as the values
vary according to sex and age, and they are related with image quality. In general,
MVD values are progressively minor from healthy people to diabetic patients without
DR and PDR [9, 17].

It is especially clear that the visualization of the foveal avascular zone (FAZ) has
improved with the introduction of OCT-A. In healthy eyes, FAZ has very well-defined
edges without interruptions [8]. FAZ enlargement can result from capillary occlusion
with perifoveal arteriole loss easily identified by OCT-A [17]. In addition, thereisa
clear association between FAZ enlargement and vision loss in patients with DR [18].
OCTA is better than FA for FAZ detection because there is no interference caused by
colorant leakage, it is noninvasive and fast, allowing a better imaging comparison over
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the time. Several studies show that FAZ enlargement already occurs in patients with
DM1 and DM2 before any sign of DR can be detected [19-22]. These findings could

be useful to identify patients without DR but with higher risk to develop the disease.
However, there is a great variability in FAZ size in healthy people (0.071-0.527 mm?),
with higher values in eyes with short axial length [9]. For this reason, FAZ circularity
more than size may be useful to identify pathological changes. Some of the quantita-
tive parameters about the ZAF include: ZAF area, acircularity index (AI), axis ratio
(AR), and perimeter. Al is the ratio between the ZAF perimeter and the perimeter of

a circle with equal area. The AR is the ratio between major and minor axis [13]. Al and
AR are greater in patients with DR and greater in patients with PDR versus NPDR [23].

3.1 New parameters

Some of the new parameters that are being studied include: vascular diameter
index (VDI), fractal dimension (FD), vascular tortuosity (VT), perfusion density
(PD), and skeletonized vascular density (SVD) [9, 13]. VDI is an index of the mean
vessel caliper [9]. Increased values are related to rapid increases in blood glucose [9].
FD measures the complexity of the vessels pattern. FD values are lower in diabetic
eyes in the SCP and DCP, but it is not related to DR severity [24]. VT is higher in
diabetic patients and could be useful for early detection of DR [9]. PD is an index of
vessel perfusion in a determinate area, and lower values are related with DR severity
and BCVA [25]. SVD vessels longitude eliminating potential confusing factors being
more sensible in identifying non-perfusion. SVD in SCP and DCP is inversely related
with DR severity [26].

OCTA is also useful to identify and quantify macular ischemia (MI) in the
different retinal plexus.

Diabetic macular edema (DME) is the leading cause of vision loss in patients with
DR and can be visualized in the OCTA en face as non-flow areas with smooth edges
that do not follow surrounding vessels [27].

3.2 The role of OCTA in DR early detection

MVD is reduced in DM1 and DM2 patients in the SCP and DCP in the foveal and
perifoveal area without detectable DR [28-31].

FAZ is also affected, being greater in patients without DR [22, 32].

Sun et al. have found an association between FAZ, MVD and FD values in the DCP
with the risk of develop DR [33]. Greater FAZ area was related with a risk ratio (RR)
of 1.829 for increase of standard deviation (SD), low MVD with a RR of 1.908 for
decrease of SD and low FD with a RR of 4.464 for decrease of SD [33]. Furthermore,
low values of MDV in the SCP are related with the development of DME [33].

3.3 DR severity

Increased FAZ, reduced FAZ circularity, low MVD, increased VDI, reduced
FD, and increased VT are associated with DR severity [25, 34-38]. Basing on these
findings, it has been investigated the possibility to automatically detect and grade the
severity of DR with the aid of the artificial intelligence and using the MVD, vascular
caliper, and FAZ in the SCP and DCP with an accuracy of 94.3% (area under the curve
(AUC) = 0.92) and reaching an accuracy of 96% (AUC = 0.96) when OCTA is com-
bined with OCT [39].
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3.4 DR progression

Actually, we have very limited knowledge about the predictive value of OCTA
in DR progression (most of published studies are transversal). Nevertheless, some
recent prospective studies have found a relation between DCP parameters and DR
progression with statistical significance [33]. On contrary, SCP parameters do not
seem to be associated with DR progression, probably because the DCP is more
susceptible to ischemia (higher metabolic requirements of external retina) [40].

3.50CTA and DME

DME is still a problem for a correct interpretation of OCTA images. In fact, cystic
macular edema affects the automatic segmentation of the software and affects image
quality. This is especially evident in the DCP, because signal intensity is lower [41].
Cysts may compress the vessel wall, lowering the flow. OCTA can consider these areas
as avascular [42].

According to Coscas et al., three patterns of DME can be identified by OCTA [43]:

* Hypointense intraretinal spaces: rounded structures located near non-perfusion
areas in the DCP

* Grayish intraretinal spaces: big grayish cysts, can be confused with
intervascular spaces

* Focal hyperintense points: hard exudates

3.6 OCTA and choroid

The choroid is the main source of oxygen and nutrients for external retina to under-
stand DR pathogeny. Increased choriocapillaris (CC) non-perfusion has been described
already in patients without signs of DR [37]. OCTA surely represents a significant
advance compared with FA for studying the CC, but the deep localization of this
complex vascular structure makes it difficult to get high-quality images. The perfusion
defect (PD) is the area where it is not possible to identify flow between the OCTA limits
of detection [44, 45]. PD could be an interesting parameter to study CC involvement
in DR and is significantly higher in DM patients compared with normal eyes [45]. New
prospective studies are needed to clarify the importance of the CC in DR.

3.7 OCTA limitations

One of the most important limitations of OCTA is the great variability in the
algorithms used by different manufacturers. The immediate consequence is the
difficulty of comparing images obtained with different devices [13, 46]. Projection
and movement artifacts can be especially frequent in patients with macular
lesions and DME, severely affecting image quality (up to 30% of images have to
be discarded) [38, 46]. Simple vitreous opacities can affect image quality and
interpretation [46]. Furthermore, most of the quantitative and qualitative parameters
used in the literature are obtained with an external software after exporting the
images, through a slow process and, on many occasions, with manual segmentation.
This is absolutely unfeasible in clinical practice, where fast processing systems
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directly associated with the devices are needed [46]. Without these premises, these
OCTA parameters will not be useful in clinical practice.

4, Conclusions

OCTA is a very promising image technique that is continually improving and offers
numerous advantages over FA in DR management. Many clinical studies indicate their
usefulness in early diagnosis, follow-up, identification of prognostic factors, and treat-
ment of DR and related complications. Nevertheless, OCTA is a relatively new tech-
nique and the usefulness of most of the quantitative data it allows to obtain needs to be
investigated. Finally, it would be important to have greater interchangeability between
data offered by different software and improve image quality by reducing artifacts.
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Chapter 13

Analysis and Modeling of
Polygonality in Retinal Tissue
Based on Voronoi Diagram and
Delaunay Tessellations

Nazario Bautista-Elivar and Ricardo Cruz-Castillo

Abstract

Several important properties of biological systems are directly related and even
determined by the spatial distribution of their constituent elements. Those elements
interact with each other and tend to use space in an optimal way, regarding their
specific function and environmental constraints. A detailed methodology, based on
Voronoi polygons and Delaunay triangles method employed to extract information on
the spatial distribution of cells, is presented. On the other hand, diabetic retinopathy
(DR) is defined as microvascular pathology. However, some data have suggested that
the retinal photoreceptor (RPs) might be important in the pathogenesis of this ocular
disease. In this study, the organization of the PRs in control and diabetic-induced rats
was compared, using multiphoton microscopy. The PR mosaic was imaged at different
locations in non-stained retinas. Thus, this work investigated the pathological changes
in the cellular structures of the retina in the early stages of diabetes in laboratory
animals. Of the different proposed tools that are highly reliable to be tested with
human retinas, the metrics mean averaged distance and the mean square deviation of
the angles are found (P < 0.05).

Keywords: multiphoton microscopy, diabetic retinopathy, Voronoi tessellations,
computational geometry, bioinformatics

1. Introduction

Several biological/physical systems involve two-dimensional spatial arrangements
with elements such as molecules, or cellular tissue, and the profiling in space has
important repercussions to biological and physical investigations. The analysis of
biological tissues often requires quantitative measurements to explore cell organiza-
tion, in order to understand, identify, and monitor changes during pathology
development and healing processes.

Measurements of cellular organization might not be always able to distinguish
healthy and diseased tissues from each other [1]. It has also been revealed that the
existing density measurements in cells present multiple restrictions [2-7]. In
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particular, some studies have reported that the density of retinal cones is not an
appropriate parameter to identify pathological states in early stages of retina
diseases [8, 9].

Maps of cellular distribution have to be considered linked to morphogenesis,
mechanical structural stabilities and functional state of a given healthy tissue.
Finding the connection that links form to disorder and is based on distance networks
partition constructed from the position of cells when defined as mathematical nodes
generators of Voronoi tessellations, then they can be used to construct summary
functions [10], see Table 1. For example, Sudbg and Marcelponil Reith developed
27 algorithms based on Voronoi diagrams to describe the architecture of tissues [11].
Chiu showed that the minimum angles and areas of Delaunay triangles are
responsive parameters when it concerns cellular distributions [12]. Voronoi analysis
has also been used to determine the packing arrangement of cones at different
retinal storage bins displayed with adaptive optics (AO) and hexagonal packing was
found [13, 14]. Other authors have proposed to measure the regularity of convex
polygons by successive measurements of irregular polygonal reconfiguration until
regularity [15].

However, side number, distance between cones, according to proportion, any
measurements derivative from the least distance will cause statistics to fail to
identify healthy tissues and pathological tissues, which yield identical statistical
densities measured from the shortest distances [1]. Other serious constraints
developed from the method of counting the number of Voronoi cell sides result

Retinal Real image Voronoi polygon Delaunay triangulation
photoreceptor (healthy tissues)
Sprague- file Tools File Tools

Dawley male
rat

Multiphoton microscope

Human File Tools File Tools
Adaptive optics scanning
laser ophthalmoscope
(AOSLO)
Table 1.

Voronoi polygons and Delaunay triangles in a vetinal tissue.
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from the fact that the number of cell sides will not change except for gross
perturbations of the particle system. In addition, in Delaunay triangulation, no signif-
icant differences are observed by using Delaunay segments and Delaunay areas in
tissues [16].

The general aim of this chapter is to establish an analysis for a comparison of the
distribution of PRs in tissues with retinopathy diabetic, which is an important prob-
lem to mechanically understanding of the processes that lead to the experimental
observations. This research presents only the model of the photoreceptor’s spatial
location (cones and sticks) considering photoreceptors small enough, in the suitable
scale, to contemplate them as mathematical points. Then, Voronoi polygons and
Delaunay triangles are formed by using these points. Therefore, Voronoi polygons do
not represent the photoreceptor’s shape. So, in this chapter, Voronoi polygons are not
used to model biological cells nor their surrounding tissues.

This chapter is organized as follows: in Section 2, the description of several metrics
using Voronoi polygon and Delaunay triangles and its integrated platform based on
computational geometry, is given; in Section 3, multiphoton microscopy and image
analysis is provided; in Section 4 we continue with a detailed description of retinal
tissues, using Voronoi and Delaunay metrics described in Section 2; the Discussion is
presented in Section 5, and finally the Conclusions are in Section 6.

2. Metrics/algorithm to computational biology
2.1 Description of metrics/algorithm
2.1.1 Internal distance

The internal distance d; in a particular Voronoi cell, is the distance measured from
the internal mathematical node (black dot, see Figure 1) of the Voronoi polygon to
each neighboring point (blue dot, see Figure 1) which forms the polygon. This is an
Ulam tree modified to measure distances, Figure 1.

2.1.2 Angular graph

The numbers y; are the angles between the horizontal line which contains
the internal mathematical node and the line which joins each neighboring point to
the internal node, it is measured anticlockwise (Ulam tree modified to angles),
Figure 2.

Figure 1.
Distance graph (Ulam tree modified) between neighbors in a 6-tides Voronoi polygon.
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(A) ® ©

Figure 2.
Angle measurement between nearby points from a horigontal axis.

2.1.3 Internal angles of Delaunay triangles

These are the internal angles of any triangle in the Delaunay triangulation w;; the
angles are measured in the positive direction (counterclockwise), Figure 3, using the
following procedure:

i. First, measure the angle between two points containing the generating
interior point of each cell.

ii. Arrange angles from least to greatest.

iii. Then measure the edge distances of the Delaunay triangulation containing the
generating point.

iv. Finally, measure the angle between consecutive edges in which such a vertex
is the generating point.

The sequence to measure the angle w; is in the following order: if you select first point
1 (vertex 1) then select point 2 (vertex 2), these points will form a starting line where the
angle measurement starts, the point 3 (vertex 3) is where the angle measured ends. The
selection and sequence of generating points will indicate the final angle obtained.

A) ®) ©

Figure 3.
Procedure to measure angles between three neighbors that form a Voronoi polygon and choosing one angle.
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2.1.4 Mean distances average

This metric/algorithm determine the mean of average distances from the inner
point in every Voronoi cell to its # neighbors and it is calculated by

n di
;ﬁ (1)

where d; is the internal distance defined above. It also represents a way to measure
the cell size and it could be interpreted as a coefficient of expansion or contraction,

Figure 4.
2.1.5 Polygonality index

This metric/algorithm generates the measure =,
1

= (2)
;b{i —pl+1

[1]

where y; is the formed angle between consecutive neighbors for Delaunay triangle
(irregular polygon, dotted arrow), § is the angle between consecutive vertex for a
regular polygon (solid arrow), f = 360 degree/n and 7 is the number of neighbors of
the Voronoi cell, Figure 5. The angle y; is invariant under any rotation movement. The
measurement is performed counterclockwise.

If the value of Z is close to 1, then the Voronoi polygon is close to regularity, angles
x; and g will have similar value. If Z is close to 0, then Voronoi polygon is irregular.
The units of E is the inverse in degrees.

Figure 4.
Modified Ulam tree graph to measure distances in Voronoi cell.

Figure 5.
The solid line is a vegular polygon, the irregular polygon is represented by the dotted line, and the neighbors are the
black circle. The internal black dot is a mathematical node.
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2.1.6 Mean-square deviation of angles

This metrics/algorithms evaluate ¢,

e= > (-7 3)
i=1

the root square of mean deviation from the angles y;, with respect to angle § =
360degree/n where # is the number of neighbors of the Voronoi cell for each Voronoi
polygon. The magnitudes y;, #, and 7 are defined above (Figure 5). The metric € is
invariant under any rotation movement.

2.1.7 Variation index angle of differences

This metric algorithm gets 6,

5= (4)

where y; and f = 360 degree/n are defined as above (Figure 5). If the value of § is
close to 1, then the Voronoi polygon is close to regularity, if § is close to 0, then
Voronoi polygon is irregular.

2.2 Software description

In view of the foregoing, we suggest development of an integrated platform based
on computational geometry for bioinformatics and computational biology for analyzing
spatial cellular organization which in turn use both Voronoi tessellation and Delaunay
triangulation, for the purpose to measure the distance, internal angles, radius of
circumscribed circle, amid nearby points mean distances average, angular polygonality,
polygonality index, mean-square deviation of angles, and variation index angle of
differences. The platform holds two options, either being performed by a user or
operating with an automatic formulation. This software allows to create Voronoi poly-
gons and Delaunay triangles from a set of XY coordinates, or generated by selecting in
an imported image. It locates XY coordinates, using an auxiliary window S, Figure 6.

2.2.1 Voronoi frequency

This function displays graphics of frequency with respect to the number of sides in
Voronoi mosaic with a data reading window, wider enough to avoid loss of data of
polygons compared to other platforms [17].

2.2.2 Circumscribed circle

These metrics/algorithms are able to find the magnitude of the circumradius, the
coordinates of the center of the circumcircle, and the coordinates of the vertices
formed in each Delaunay triangle. R is the radius of the circle circumscribing a
Delaunay triangle, some examples (a) and (b), Figure 7.
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Figure 6.
Platform based on computational geometry for Voronoi polygons and Delaunay triangles to biological structures.

P IS

(A ®)

Figure 7.
Circumcircle and civcumradius for each Delanuay triangle in a Voronoi polygon.

2.2.3 Distances selected

These metrics/algorithms are able to get the distance dy between each pair of
points selected by the user. First select the icon distances, located in Diagram Feature
screen, after that choose a point of the polygon, by the icon select points, then select
again the icon select point for another interest point, finally activate the icon selected
file distances from Tools menu to get the data file with its coordinates and the distance
that separates them. You might select different pairs of points to find out their
distances in a single file, activating the icon selected for several couple points, for
example (A), (B), (C), Figure 8.

2.2.4 Angles selected

These metrics/algorithms generate a file formed from each pair of points selected
by the user. The angle v is relative to the horizontal axis and it works as the
rangefinder. First, activate the angles tree icon (Figure 6), and then you can select
different points for the same file using the select point button, to generate the Angles
Selected file, Figure 9.
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®)

o S

&) ®) ©

Figure 8.
Selection of distances to be chosen by the user in a Voronoi polygon.

Figure 9.
Selection of angles between neighbors to be chosen by the user in a Voronoi polygon.

Internal angles selected. This metric algorithm generates a file for the angles y;of
each Delaunay triangle selected by the user. First, activate radio button internal angles
(Figure 6), then select points radio button to form the Delaunay triangle, selecting
three points. The select order of each point defines the angle to be measured. First, if
the black point is selected, then you can choose the white point. These two points
form a line from which we start measuring the angle and ends at the line formed
between the third point, the striped circle, forming an angle which is measured from
for example, tree forms to obtain several internal angles in a Delaunay triangle, y;, 7,
7;» Figure 10, (A),(B) and (C), respectively.

For example, for four tides polygon, if the option 2 is selected, the angle , is shown
in Figure 11.

NS Y

Y w Yi

(A) Option 1 (B) Option 2 (C) Option 3

Figure 10.
Options to select nearby points to get an angle between them in a Voronoi mosaic.
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Figure 11.
Delaunay triangle, an angle selected between neighbors with option 2, Figure 10.

3. Multiphoton microscopy, image acquisition and processing

A multiphoton microscope was used to obtain images of the retinal mosaic in 16
healthy (C) mice and sixteen mice with diabetic retinopathy (DR). The multiphoton
microscope combines a fs-laser system (760 nm), a scanning unit, a Z-motor, and a
detector (photon-counting) within an inverted microscope. The whole system was
computer-controlled. Nonlinear microscopy images were acquired using two imaging
modalities: regular XY images and fast 2-photon imaging tomography, Figure 12.

Eight Sprague-Dawley male rats, weighing 200 g were administered intraperito-
neal via with 55 mg/kg from streptozotocin diluted in citrate buffer were housed in a
temperature-and humidity-controlled room maintained on a 12-hour light/dark cycle
(lights on: 07:00-19:00 hours) and had free access to food and water. Retinas were
evaluated after 6 weeks from diabetic-induced.

The retinal mosaic was estimated for each subject (both eyes), at 270, 810, 1350
and 1890 pm of eccentricities from the optic nerve along the nasal, temporal, dorsal
and ventral of both eyes. The photoreceptors arrangement was analyzed using
Voronoi polygon and Delaunay triangulation analysis; estimations were done by using
a sampling window S of 90 x 90 um image sections, Figure 13.

Through the Voronoi partition, some contours of the tessellations should be
modified if other points outside the analysis window S (90 x 90 pm) were acquired.

: Tomography: during
XY stage - el z
irradiation, every 15°.
Dichroic
mirror
SHG/TPEF
filter

Figure 12.
Setup for scanning with a multiphoton microscope.
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Figure 13.

Data processing diagram in vetinal tissues for healthy photoreceptors and with DR, starting from raw data and
applying image processing and segmentation, feature extraction and classification, and finally polygonality
measurements.

These points are associated to the outline regions which are closer to the analysis
window than to the considered point. The points which belong to such contour
regions are considered to be at the border. All the marginal points are not noted in the
subsequent calculations, because they cause statistical noise.

4. Retinal tissues analysis

We use some metric/algorithms of Section 2.1 to analyze and model the
polygonality in retinal tissues, especially with DR.

4.1 Mean-square deviation of angles

Using the metric of mean-square deviation of angles ¢ (Eq. (3)), to know the angular
distributions of photoreceptors in the rodent retina in order to identify healthy tissues
(C) from tissues with pathology (R). The results are shown in Figure 14.

Results obtained during this analysis reported that at an eccentricity of 270 pm,
there is a greater angular variation than 6 degrees in 4-sided polygons in tissues with
pathology (R) with respect to its counterpart of healthy tissues (C). At an eccentricity
of 810 pm a greater angular variation is observed in polygons of 10 and 9 sides, in
addition to polygons of 6 and 7 degrees, respectively, in tissues with pathology (R). At
an eccentricity of 1350 pm, an angular variation is presented up to 12 degrees in
polygons of nine sides in tissues with pathology (R). At an eccentricity of 1890 pm,
again the 9-sided polygons present an angular variation of 9 degrees in tissues with
pathology (R). Likewise, we identify that as the eccentricity increases; the training of
a greater number of sides of polygons is increasing in tissues with pathology which
does not present healthy tissues (not presented here).
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Distribution of angular variation as eccentricity in retinal tissues, both healthy tissues (C) and diabetic vetinopathy
tissues (R): (A) 270 um, (B) 810 um, (C) 1350 um, (D) 1890 um.

Voronoi ties P-value’

270 pm 1350 pm 1890 pm
5 0.006 0.002 0.022
6 0.025 0.0066 0.0204
7 0.001 0.018 0.0078

*Two-tailed.

Table 2.
P-value to 5, 6, and 7 Voronoi ties.

Is observed that if the angular variation is minor to 6.15 degrees, the value P is
minor to 0.05. It is identified, then that to 810 and 1890 pm the angles of the polygons
are minor to 30 degrees. For photography retinal, it is observed that to major eccen-
tricity, the spacing of the photoreceptors is major, Table 2.

4.2 Detection of modal spacing

Using the metrics/algorithm of radius in a circumscribed circle for estimating
photoreceptor spacing based on the circumradius of Delaunay triangle, as a metric
that allows knowing how is the density/separation of photoreceptors in retinal healthy
tissues and with diabetic retinopathy. This metric is an alternative form at the Yellott’s
ring [18]. The circumradius provides an estimation of the modal spacing in the retinal
image of the photoreceptors. The distributions of density grouped by circumradius
interval are: (a) 1.12-2.24 um, (b) 2.244-3.36 um, (c) 3.364-4.48 pm, (d)
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Distribution of spacing based on the circumradius grouped by eccentricity in retinal tissues: (A) 270 ym, (B)

810 um, (C) 1350 um, (D) 1890 um.

4.485-5.601 pm, (e) 5.605-6.721 pm, (f) 6.725-7.842 pm, (g) 7.846-9.62 pm. The

results are shown in Figure 15.

To distribute the density by spacing of photoreceptors, we have proposed a stan-
dard criterion for arbitrary intervals of circumradius: 1.12-2.24 pm, 2.244-3.36 pm,

3.364-4.48 um, 4.485-5.601 pm, 5.605-6.721 pm, 6.725-7.842 pm, and 7.846-9.62 pm.

By using these intervals with the metrics/algorithms of circumscribed circle to obtain

each circumradius, our results allow us to observe that the two dominant distributions

of grouped density of photoreceptors are at intervals between 3.364-4.48 pm and

2.244-3.36 pm.

With these results, it has been observed that the percentage of circumradius in the
range of 2.244-3.36 pm increases in tissues with DR as eccentricity increases. These
results show a density of separating healthy photoreceptors to 810 pm of eccentricity
with circumradius in the range of 3.364-4.48 pm (42.51%) and in the range of

2.244-3.36 pm (37.68%), Table 3.

It has been also identified that in cellular damaged tissues with DR the training of
circumradius to greater eccentricity and also with a larger radius increases, with

Retinal tissue Range 3.364-4.48 pm Range 2.24-3.36 pm Eccentricity (pm)
R 38.75% 30% 270
C 41.59% 33.61% 270
R 37.42% 32.63% 810
C 42.51% 37.68% 810
R 34.35% 35.11% 1350
C 37.05% 36.04% 1350
R 33.24% 37.56% 1890
C 36.93% 38.69% 1890
Table 3.

Percent density by eccentricity intervals.
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Tissue 270 pm 810 pm 1350 pm 1890 pm

C 59.35 % 57.73 % 573 % 55.85%

R 55.68 % 56.9% 51.88 % 51.84%
Table 4.

Percentage of circumradius in the interval [3.364-5.601] pm.

respect to the control tissue, this is because they increase the spaces between photo-
receptors that stop emitting fluorescence. It is also appreciated that the clustered
density decreases in the photoreceptors of tissues with diabetic retinopathy, between
the intervals of 2.244-3.36 ym and in 3.364—4.48 pm, as eccentricity.

However, in the interval [3.364-5.601] pm, that represents 55.8% of circumradius,
they have a higher percentage behavior in control tissues than in tissues with DR,
Table 4. Therefore, this shows that frequency of circumradius decreases in tissues
with DR.

4.3 Mean distances average

To measure distances between neighbors that form each Voronoi cell is employed
the metric/algorithm of mean distances average (Eq. (1)), as a measure for expansion
or contraction of the polygon of Voronoi. The results are shown in Figure 16. This is a
modification to the metric Ulam tree in each polygon. A measurement of spacing (or
contraction) between neighbors is explained in terms of a bi-dimensional space with
reference to the populations on flat surfaces. This metric allows us to measure the
space between neighboring cells, as a result of leakage in photoreceptors.

In Figure 16, it can be seen that for the 5, 6 and 7-sided polygons, they have a
similar spacing. In the same way it is observed that for polygons of four, eight and
nine sides have a particular behavior of distance separating, the distances between
diabetic cells increases, in relation to the healthy cells, because the distances between
the cells increase because of the diabetic retinopathy.

Figure 16 depicts the mean averaged distance (Eq. (1)), as a function of the
number of sides of Voronoi polygons for both control and pathological retinas. Since it

is
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Figure 16.

Distribution of cellular spacing in healthy tissue and with diabetic retinopathy according to the eccentricity
measured from the optic nerve.
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has been just showed that the polygon frequency distribution does not change with
retinal eccentricity (Figure 20), the data have been also averaged across all locations
for better comparisons. Differences between both groups of retinas were statistically
significant (paired ¢-test, P < 0.05).

Using the Ulam tree modified for distances, it is possible to characterize the
environment of each cell and in a more general way, to study cellular interactions.
This metric/algorithm appears to be useful for analyzing the effects of the cell sur-
rounding on a given cellular function and vice-versa.

A topic as suitable to determinate of the average type of the spatial occupation,
following isoperimetric inequality [19], see Eq. (5),

L(X)* — 4uA(X)*>0 (5)

Where A(X) is the area and L(X)? is the perimeter for a convex set.

4.4 Angular polygonality

With this metric/algorithm "N @ is quantified that the Voronoi polygons of
five, six, seven, and eight sides in healthy tissues and with diabetic retinopathy
maintain a maximum range of angular values between 110 and 130 degrees measured
from an arbitrary horizontal axis, defining an angular cluster of radio 10 degrees. It is
shown that the Voronoi polygons of five, six, seven, and eight sides are sensitives.

However, the polygons of Voronoi in healthy tissues and with diabetic retinopathy
of 3, 4,9, 10, 11 and 12 sides are very irregular angularly, and the range of angular
variation is from 60 to 180 degrees, defining an angular cluster radius of 60 degrees,
Figure 17.

Other topics as suitable to capture regularity in convex Voronoi polygons is to
measure how well they fit in a regular polygon or a regular polygon fits in them. This
proposal has the characteristics to providing a way of fitting with convex polygons in
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Figure 17.
Distribution of the angular polygonality relative to the side number in the Voronoi polygon.
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Figure 18.
In (A), a pentagon that almost looks like an equilateral triangle, (B) hexagon that almost looks like an octagon,
(C) square that almost looks like a rhombus shape.

which they are very similar to regular polygons with a different number of edges [20],
see Figure 18.

The procedure consists in transforming the given irregular polygon into a regular
one, while measuring the amount of deformation required in such a process. The
measurement of the angle variation gives a first parameter to consider in the final
measurement of the regularity of Voronoi polygon. Using the Ulam tree modified to
distances and the Ulam tree modified to angles gives a measure of the amount of
deformation produced. Combining both procedures will be obtaining a measure of the
regularity of the Voronoi tessellations on retinal tissues.

4.5 Frequency of Voronoi polygon

In order to quantify the distribution of polygons according to the eccentricity,
frequency graphs were generated. In these it is observed that five and six sides poly-
gons predominate, in healthy retinal tissues (C) and with diabetic retinopathy (R). In
healthy tissues, with eccentricities of 270 and 810 pm, the frequency of polygons of
five and six sides is greater, with respect to pathological tissues. However, with
eccentricities of 1350 and 1890 pm, predominate 5-sided polygons, in tissues with
diabetic retinopathy, Figure 19.

140-
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Figure 19.

Distribution of frequencies in Voronoi polygons by eccentricity in healthy retinal tissues (C) and with diabetic

retinopathy (R).
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Figure 20.
Distribution of maximum angles y; relative to the side number (45,6, ... ) in the Voronoi polygon.

We found that the spatial sampling of the images with S window, even using
resizing of the recorded images of 90 x 90 um, has a significant impact on the
performance of the metric/algorithms, but also that an excessive upsizing does not
substantially improve the measurements. We observed that the percentage of Voronoi
polygon is the parameter in which is most affected by errors in photoreceptors detec-
tion, and for this reason the combined measurements of more parameters could be a
better choice in order to characterize different retinal regions and the different
subjects’ retinas.

4.6 Minimum and maximum angles

Control (C) and diabetic retinopathy (R) tissues were characterized based on
measuring the maximum angles y; and minimum angles y; of the Delaunay triangles in
Voronoi polygons (Figure 5). Greater sensitivity is identified when quantifying
maximum angles than minimum angles; see Figure 20 and Table 5.

5. Discussion

Soliman et al. [21], using AO fundus camera to acquired images of parafoveal
cones, from patients with type II diabetes mellitus with or without retinopathy,
captured the cone mosaic at 0 and 2 degrees eccentricities along the horizontal and
vertical meridians. The density of the parafoveal cones was calculated within
100 x 100-pm squares located at 500-pm from the foveal center along the orthogonal
meridians. They found that the cone density was significantly lower in the moderate
non-proliferative diabetic retinopathy (NPDR) and severe PDR/proliferative DR
groups compared to the Control, No DR, and mild NPDR groups. Also, they found
that the mean percentage of cones with hexagonal Voronoi tiles in the Control and No
DR groups was 44.8% and 45.6%, respectively. In the DR groups, the percentage of
cones with hexagonal Voronoi tiles ranged between 43.4% and 40.0%. They therefore
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Voronoi ties Control Diabetic retinopathy (+) Angular difference P-value*

Maximum angles y;, 270 pm

5 89.46 98.40 8.94 0.0208
6 79.75 86.66 6.91 0.0258
7 68.05 7777 9.72 0.006

Maximum angles y;, 810 pm

5 89.47 90.06 0.59 0.092
6 78.70 80.46 176 0.0596
7 71.09 71.90 0.81 0.0787

Maximum angles y;, 1350 pm

5 88.79 97.11 8.32 0.0204
6 78.78 86.64 7.86 0.0198
7 71.30 77.45 6.15 0.0478

Maximum angles y;, 1890 pm

5 89.63 91.51 1.88 0.06312
6 79.79 80.56 0.77 0.08258
7 7113 72.25 112 0.07114

*Two-tailed.

Table 5.
Value-P for maximum angles in 5, 6 and 7 Voronoi ties.

conclude that decreased cone density may be linked to the prior use of anti-VEGF
therapy in these patients. Since VEGF is known to have a neuroprotective effect on
photoreceptors, anti-VEGF agents may potentially have a deleterious effect on pho-
toreceptors. Other progress against the wet form of the disease has come through the
use of drugs that target vascular endothelial growth factor, or VEGF, a substance in
the body that promotes the growth of new blood vessels. It has also been found that,
cone photoreceptor counts in the control group reported in this study fall within the
range reported in previous studies, high inter subject variability of cone density may
also play a significant role [22].

Likewise, Li and Roorda showed that the percentage of hexagonal Voronois tended
to decrease between 0.25 and 5 degrees from the fovea; a study on a post-mortem
human retina showed that the cones were more hexagonally arranged near the edge of
the fovea (between 0.20 and 0.25 degrees eccentricity) than in the foveal center [7, 23,
24]. According to the current study and previous work from others [25, 26] a model of
the parafoveal mosaic by a lattice with continuous hexagonal regularity cannot be
considered completely adequate to describe the cone mosaic arrangement in a healthy
eye. In addition, in an AO retinal image of the photoreceptor mosaic, deviations from
hexagonal order can be attributed to some phenomena, such as point defects and
linear cracks. ‘Point defects’ of the cone lattice occur within otherwise intact mosaic
areas and may be represented by smaller cones (S cones), cones with no wave guiding
properties or isolated rods (it is plausible that rods cannot be always distinguished by
point defects). Other phenomena that can contribute to change the hexagonal order
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are represented by local variance of the cone shape and the compression along the
vertical meridian as a consequence of the expansion along the horizontal meridian of
the photoreceptor mosaic [7, 24, 27-29].

Lombardo [30] identified several possible limitations based on the preferred pack-
ing arrangement of the cone mosaic: resolution of AO system, study size, and the
presence of several sources of confounding orbias. Firstly, the resolution of the rtx1
camera is insufficient to assess the density of extremely tightly packed cones at the
center of the fovea. Whether or not this loss of parafoveal cones reflects similar
changes at the foveal center remains unclear. To date, the association of photoreceptor
loss and vision loss in patients with DR remains obscure. Secondly, small sample size is
another limitation of this prospective observational cohort study. This variability
could be attributed to several factors, including the lack of a standardized approach to
cone counting and differences in image processing software, AO systems, sampling
window size, and foveal reference point location.

Methodology based on the optical coherence tomography (OCT) allows it to
quantify retinal thickness in diabetic retinopathy. A total of 136 patients in different
stages of diabetic retinopathy were examined with OCT [31]. In the controls, retinal
thickness was 153 + 15 pm in the fovea, 249 + 19 pm in the temporal parafoveal
region, and 268 £ 20 pm in the nasal parafoveal region. In diabetic patients, retinal
thickness was increased to 307 & 136 pm in the fovea, 337 & 88 pm in the temporal
retina, and 353 + 95 pm in the nasal retina, respectively. The differences between
diabetics and controls were highly significant (P < 0.001). There was an
intermediate correlation between retinal thickness and visual acuity, particularly in
patients without macular ischemia. Sensitivity of detecting clinically significant
macular edema by measuring foveal retinal thickness was 89% and specificity was
96%. Apparent correlation between the increase and decreased visual acuity in the
retina thickness, can be explained by the results of an increase in the thickness will
be related to the increase in time axonal loss. In diabetic retinopathy, retinal spaces
can take place between the inner and outer plexiform layer, outer limiting
membrane or the outer plexiform layer. These results demonstrate the retinal tissue
integrity, as a measure of the retention axon connection, and as an index of visual
function. The strength of the correlation between the retention structure and
visual function as expected decreases in the eccentricity increases from the center of
the fovea.

There is disagreement in the literature concerning the effects of age on PR packing
density. Curcio et al. [32] found a nonsignificant change in the number of cone
photoreceptors with age. However, they reported that the range of peak density
variation at older ages was narrower, overlapping the lower end of the cone density
from younger subjects.

As mentioned above, there are mixed results of histology on age-related changes in
PR packing. It is clear that nonhuman primates undergo changes in the central retina
with age [33, 34]. Ordy et al. [35] studied the visual acuity and foveal PR density in the
retina of aged rhesus monkeys, finding that the foveal photoreceptor density
decreased significantly in the oldest age group of macaque monkeys compared with
the middle age group. Other properties of the photoreceptors have been found to
change with age, in addition to the cone packing density. Gartner and Henkind [36]
reported loss of photoreceptor nuclei. Keunen et al. [37] and Kilbride et al. [38] found
that the cone pigment density decreased as a function of age. Elsner et al. [39] showed
that young healthy people typically have steep foveal peaks in photopigment density,
but older people have shallower distributions.
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Our approach emphasizes the local density of the PR rather than the total area.
Thus, we found that a significant decrease in photoreceptor packing density occurred
primarily, at distances less than 1890 pm from the center of the fovea.

Changes in the central fovea are also evident from the analysis of foveal shape by
Gorrand and Delori [40], who found that the curvature of the foveola increases with
increasing age. Elsner et al. [39], Bone et al. [41], and Chang et al. [42] found changes
in the distribution of macular pigment with age, but Delori [43] did not. Since macular
pigment is deposited preferentially in the photoreceptor axons and inner plexiform
layers of the retina. Similarly a loss of PR could cause an increased curvature. An
alternative possibility is that central cones spread outward, and the foveal curvature
increases due to this spread, but again, the mechanism would be more complex and
not easily tested by PR packing measurements alone.

However, despite the seeming transparency of DR pathogenesis and the
progress in its treatment observed in recent years, a number of issues remain that
warrant further study [44-46]. One of them is the temporal sequence of pathological
changes in DR development [47, 48]. Studies in rodents have highlighted that
biomarkers of inflammation, such as leukostasis, overexpression of adhesion
molecules in retinal vascular endothelial cells and leukocytes, vascular permeability
alteration, and aggravated production of nitric oxide, prostaglandins, cytokines, and
other inflammatory mediators appears in the retina during 1-6 months of diabetes
crisis [49].

Most developed therapies for DR, have primarily focused on the terminal stage of
this disease, and as thus, failed to address the early potentially reversible stage of this
disease. In addition, most of these therapies have been associated with severe sight
threatening side effects [44]. With that, understanding of the temporal sequence and
stages of pathological disturbances of DR development is of great prognostic and
scientific value, as it might contribute to improvements to current methods or even
the development of new methods of diagnosis and treatment of such a serious com-
plication of diabetes.

6. Conclusions

The general aim of this chapter was to establish an analysis for a comparison of
retinal tissues with retinopathy diabetic and healthy tissues, which is an important
problem to mechanically understanding of the processes that lead to the experimental
observations.

In retinal tissues, metrics as quantification of Voronoi polygons and Delaunay
triangles, are not sensitive to register changes in cellular organization, because in
the first geometry, the number of dominant polygons are both six and five sides
in both cases, and in the second geometry are presented the same amount of
triangles Delaunay, as it has been reported by many authors [2-7]. Similarly, Kaccie
and Roorda [50] showed that Voronoi regions gradually increase in size at higher
eccentricities.

In this chapter, we focused here on the photoreceptor degeneration in an animal
model of retinal degenerative disease, retinopathy diabetic, in which we investigate
how pathology affects mosaic organization. We analyzed 128 retinal tissues here,
eventually we found abnormality in retinal tissues. This spacing rule is enough to
simulate the geometry of mosaics, suggesting that interactions between the mosaic
cells satisfy tessellation formations of healthy tissues and pathological damaged
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tissues. Once generated, cells migrate to their layer, and a simple rule controlling the
spacing between cells of the same type suffices to control mosaic formation [51, 52].
This ensures uniform coverage of the retina by each type of cell, regarding the
mechanisms that control the genesis of the different retinal cells.

From the Voronoi analyses, the parameter of Eq. (1), was also obtained. This has
been reported to be very sensitive to changes in photoreceptors spacing [11]. Inde-
pendently of the number of sides of the Voronoi polygons, the PR spacing increased in
the samples with DR, what represents an expansion in cellular spacing.

Based on the results obtained, the metric that are suggested to detect morpholog-
ical changes in retinal tissues with DR is the metric of the mean averaged distance
(Eq. (1), Figure 17) and the mean square deviation of the angles (Eq. (3), Table 2), in
both cases P value <0.05.

In this study, among the tools presented that are highly reliable and ready to be
tested with human retinas are the mean averaged distance (Eq. (1)) and the mean
square deviation of the angles (Eq. (3)), which have a high sensitivity to detect
changes in DR tissues, by using retinal images obtained with a fundus camera or
AOSLO. We consider that the tools mentioned (Egs. (1) and (2)) are reliable enough
to perform clinical level tests.

A much more effective developmental design, consistent with the experimental
observations so far available, is that cell genesis and cell positioning are determined
separately, which requires a combination of experimental and theoretical tools.
Although we learn from comparing real data to obtain patterns, a mathematical model
is needed to investigate the contribution from many retinal processes. The under-
standing of the distribution of cone density and spacing as a function of retinal
eccentricity in the same eye and between fellow eyes of the same subject could be of
great clinical utility when monitoring a subject longitudinally over time or when
comparing controls with presumptive pathologic cases.

Several studies of diabetic retinopathy have focused especially on the retinal vas-
culature, but recent studies suggest that the neural retina also is involved. Oxidative
stress and local inflammatory changes have been shown to play important roles in the
pathogenesis of this retinopathy, but the source of reactive oxygen species has been
less clear. Du et al. [53] accumulating evidence suggests that photoreceptor cells play a
previously unappreciated role in the development of early stages of diabetic retinop-
athy, but the mechanism by which this occurs is not clear. The oxidative stress in
retinas of diabetic mice emanates from neural photoreceptor cells, and elimination of
these cells in diabetes inhibits both the oxidative stress and inflammatory changes
shown to cause the vascular lesions of diabetic retinopathy. These studies suggest a
mechanism by which neural cells can initiate the vascular injury characteristic of
diabetic retinopathy.

Finally, we show in this chapter provides new insight into the mechanisms loss of
cells observed of mice retinas, and could be used to rescue inner retinal neurons from
secondary degeneration, enlarging the time window in which receptor transplants or
substitution may be for the benefit of subjects suffering retinal degenerative diseases.
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