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6.1	 �Introduction

Bacterial keratitis is an infection of the cornea initiated by the invasion and 
multiplication of bacteria [1]. It is a leading cause of corneal ulceration, opacifica-
tion, visual morbidity, and blindness and remains a major healthcare burden world-
wide [2]. The true burden is not known. Estimates in the United States range from 
25,000 to 71,000 cases annually, while global rates may exceed 2.0–3.5 million 
cases each year [2, 3]. These rates may not reflect the true prevalence. These esti-
mates are based on data collected and analyzed for unique populations more than 
15 years ago.

The main function of the cornea is to bend, refract, and focus light. It must 
remain clear and free of scars to accomplish this task [1, 4]. Although constantly 
exposed to environmental insults, including microbes, the cornea is well protected 
by anatomical and local ocular surface epithelial, tear film, and immune defenses 
[5]. These work together to prevent microbial adherence and invasion. Once there is 
a breach in the ocular surface immune defense via trauma, contact lens wear, and 
topical antibiotics/steroids, any organism may gain access, multiply, and establish 
sight-threatening disease [1, 4, 5]. Active invasion of the corneal epithelium and 
stroma is considered an ocular emergency. The etiological agent and appropriate 
antimicrobial therapy must be rapidly identified and implemented to preserve 
vision [1].
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6.2	 �Etiology

Bacteria are the most common cause of infectious keratitis [1, 4, 6]. Gram-positive 
organisms, Staphylococci, Streptococci, and Corynebacterium, constitute greater 
than 70% of reported corneal ulcers worldwide. Pseudomonas species and other 
gram-negative rods are more often associated with contact lens, surgery, and/or 
trauma [2, 6, 7].

Etiology may differ by geography, patient populations, culture frequency, and 
laboratory expertise and practice. In a recent meta-analysis by Teweldemedhin 
et  al., coagulase-negative staphylococci (4.4–66.6%), Pseudomonas aeruginosa 
(6.8–55%), and Staphylococcus aureus (2–22.4%) were identified as the most com-
monly reported culture-derived corneal pathogens [8]. Streptococcus pneumoniae 
(1.3–24.7%) and Streptococcus viridans (0.4–14.3%) were also among the top five 
reported pathogens [8].

6.3	 �Risk Factors

Contact lens wear is the most common risk factor for bacterial keratitis in urbanized 
populations (Table 6.1) [3]. In the United States, 41 million patients are at risk [3]. 
Contact lens wear risks include trauma in the form of mini-abrasions, ocular surface 
integrity interruption (hypoxia, tear film disruption), and changes to the ocular sur-
face microbiota [1, 9]. Forty percent of the culture-proven cases have been associ-
ated with sleeping and/or swimming in contact lens [3, 8].

Other risk factors associated with this population include trauma with contami-
nated water, soil, and vegetative matter [1, 4]. Exposure to contaminated soil, plant 
matter, and water can deliver heavy microbial loads, foreign bodies, and a diverse 

Table 6.1  Risk factors for bacterial keratitis

Risk factor

Breach of 
ocular surface 
integrity

Compromise/alter 
ocular immune 
defenses

Microbiome 
(microbiota) 
dysbiosis

Contact lens wear +++a ++ ++
Keratoprosthetics ++++ +++ +++
Ocular surgery ++++ ++ +
Trauma (blunt, chemical, 
vegetative matter, contaminated 
water, soil)

++++ +++ ++

Topical medications (antibiotics, 
steroids, preservatives, anesthetics, 
glaucoma medications)

++ ++ ++++

Ocular surface disorders +++ +++ +++
Crosslinking ++++ +++ ++++
Photodynamic therapy ++++ +++ ++++
Gut dysbiosis + ++ ++

+ = alight impact; ++ = moderate impact; +++, ++++ = heavy impact
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microbiota to the ocular surface including Pseudomonas aeruginosa, 
Stenotrophomonas maltophilia, and Achromobacter xylosoxidans. This group of 
organisms has a large arsenal of virulence factors (biofilm formation, toxins, prote-
ases, resistance genes) that aid in virulence, invasion, and drug resistance [10–12].

Disruption of the ocular surface integrity via surgery, keratoprosthesis place-
ment, and/or trauma provides easy access of microorganisms to corneal tissue and 
disruption of the tear film [1, 4]. Both mechanisms predispose to bacterial invasion 
and disease. Chronic ocular surface disorders increase the risk of tear film defi-
ciency, altered immune defenses (immunosuppression, steroids), and ocular micro-
biota (microbiome) dysbiosis (antibiotics, anesthetics, steroids) which lead to 
increased risk of bacterial infection [1, 4].

In nonurbanized populations, environmental/agrarian trauma, chronic ocular sur-
face disease, malnutrition, and poor and/or delayed access to appropriate ophthal-
mic care are the major predisposing factors for bacterial keratitis and corneal 
opacification/blindness [2, 4].

6.4	 �Role of Ocular and Gut Dysbiosis in Bacterial Keratitis

The ocular surface microbiota plays an important role in the protection of the ocular 
surface from invasion by opportunistic and/or true bacterial pathogens [13, 14]. 
Core members include Firmicutes (predominantly, Staphylococci, Streptococci), 
Actinobacteria (Corynebacteria), and Proteobacteria (Pseudomonas, Haemophilus, 
Neisseria). They engage in crosstalk with the corneal and conjunctival epithelial 
cells to provide and coordinate immune, spatial, and chemical protection of the 
ocular surface [13, 15]. The major outcomes from this partnership include: (a) bar-
rier preservation, (b) inhibition of inflammation, (c) accelerated tissue repair, and 
(d) exclusion of pathogens.

Increasing metagenomic studies support this role [5]. Dysbiosis of the ocular 
microbiome by contact lens wear, instillation of topical antibiotics, surgery, and 
corticosteroid use can lead to increase susceptibility to bacterial virulence and 
invasion [15, 16].

As the ocular surface is part of the systemic mucosal system, it is in communica-
tions with and impacted by the health and dysbiosis of this organ [14, 17]. Kugadas 
et al. demonstrated in mice that there was an interconnection between gut and ocu-
lar surface dysbiosis and increased susceptibility to bacteria (Pseudomonas) induced 
keratitis [18]. In health, the ocular surface microbiota strengthens the ocular innate 
immune barriers by significantly increasing the concentration of immune effectors 
in the tear film. When depleted by administration of gentamicin, the normally resis-
tant Swiss Webster mice became susceptible to the infection. Both the ocular and 
the gut microbiota contributed to the maintenance of the barrier protection with the 
ocular surface having a moderate but significant effect [18].

Jayasudha and colleagues also documented a connection between gut dysbiosis 
and susceptibility to bacterial keratitis [19]. In a recent study, they compared the 
fecal samples from normal controls and patients with bacterial keratitis and found a 
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distinct difference in the relative abundance of protective anti-inflammatory genera 
in the gut versus microbial recovered from patients with bacterial keratitis [19].

Taken together, ocular microbiome dysbiosis may be an important unrecognized 
and underappreciated risk factor in bacterial keratitis.

6.5	 �Bacterial Keratitis in Children

Bacterial keratitis is a rare condition in children, with children contributing <15% 
of all cases [20–22]. The condition is difficult to treat in this population, as children 
may not be able to convey symptoms accurately and cooperation for evaluation and 
treatment may be limited. Additionally, there is a high risk of poor visual outcomes 
in keratitis, not only due to the disease itself but also due to the sequelae of corneal 
scarring leading to deprivational and/or anisometropic amblyopia.

The mean age for children presenting with bacterial keratitis typically ranges 
between 10 and 13 years old with a relatively even distribution between males and 
females [20–25]. Although these patient demographics have remained stable over 
time, the risk factors for bacterial keratitis in children have changed and vary with 
geographic location. Studies published in the 1980s and 1990s found that the main 
risk factor for bacterial keratitis was trauma [25, 26], whereas more recent publica-
tions indicate that contact lens wear is the most common factor contributing 
40.7–77.6% of cases [20, 21, 23]. Geographic location also appears to affect risk, as 
in contrast to these recent studies from the United States and Taiwan, studies from 
Brazil and Mexico found that ocular trauma remains the most common risk factor 
[25, 27]. It is possible that the age of the patient population plays a role in the dif-
ference, as one study of 81 eyes reported trauma and ocular disease were signifi-
cantly more common in children <12 years old whereas contact lens wear was more 
common in older children [20].

The causative organism in bacterial keratitis in children differs based upon the 
most common risk factor in a given patient population. In the studies that reported 
contact lens wear as the most common risk factor, Pseudomonas aeruginosa was 
the most common organism representing 30.6–46.2% of isolates [20, 21, 23]. In 
studies where trauma was the most common risk factor, gram-positive organisms 
such as coagulase-negative Staphylococcus [24] or Staphylococcus epidermidis [25, 
27] represented the majority (23.4–28.6%) of organisms isolated.

Regardless of the pathologic organism, studies published in the 1990s reported 
that surgical intervention for eye salvage or visual rehabilitation would be indicated 
in 14–28% of pediatric keratitis cases [22, 26]. For instance, Cruz et al. found that 
7 of 51 eyes (14%) required surgery [26]. However, more recent studies showed this 
percentage to be much lower, ranging from 0 to 6% [23, 27, 28]. In a series of 107 
cases, Rossetto et al. found that zero penetrating keratoplasties were performed to 
treat perforation [23].

Overall, bacterial keratitis in children remains a potentially serious cause of ocu-
lar morbidity. The trend towards increasing incidence in older children who wear 
contact lenses is likely a reflection of global management of refractive error. As the 
prevalence of myopia is increasing, contact lens use is more prevalent and 
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techniques such as orthokeratology are being employed more frequently. Future 
studies investing this trend will be useful.

6.6	 �Pathology

The ocular surface is well protected against microbial insult and invasion [4, 5]. 
Local immune defenses of the tight epithelial barrier coupled with the wide array of 
antimicrobial substances in the tear film and a stable microbiome help to maintain 
ocular surface integrity and health [5, 13, 17]. Disturbance or disruption of any of 
these can lead to imbalance and ocular surface disease including bacterial keratitis. 
Any organism gaining access to corneal tissue can establish disease.

In general, bacterial keratitis progress in stages [1]. These include infiltration, 
ulceration, regression, and healing. Patient outcome for all four stages is dependent 
on the bacterial species, ocular surface health, host defense response, diagnostic 
(microbiological, clinical) accuracy, and rapid, appropriate therapy [1, 4].

6.7	 �Clinical Assessment

6.7.1	 �Signs and Symptoms

There is no consensus of characteristics that identify infectious keratitis as bacterial 
in origin [1, 4, 27]. Signs and symptoms are dependent on a combination of the 
ocular surface health, invading pathogen and host defenses and response. Some 
common and suggestive signs and symptoms may include conjunctival injection 
and chemosis, decreased vision, pain, photophobia, tearing, and purulent discharge 
[1, 4]. A detailed history coupled with a complete ophthalmic examination is the 
foundation for an accurate and informative clinical assessment in the differential 
diagnosis of bacterial keratitis [1, 4, 21].

6.7.2	 �History

The history checklist should include onset of symptoms, recent and past ocular 
trauma, contact lens wear, and associated activities such as swimming, sleeping, 
lens changing schedule, and cleaning regimen [1]. In addition, information on pre-
vious eye disorders, ocular surgeries, and medications should be recorded. An 
updated medical history including allergies, systemic medications, family history, 
and organ system review should also be obtained [1].

6.7.3	 �Physical Examination

A thorough physical examination checklist should include slit-lamp photos and 
assessments for vision, intraocular pressure, and pupil evaluation [1, 4]. The 

6  Bacterial Keratitis



90

location, size, and depth of the corneal infiltrate plus the anterior chamber reaction 
(cells, flare, fibrin, or hypopyon) must be recorded. Additional predisposing factors 
for infections such as foreign bodies, blepharitis, entropion, trichiasis, or lagoph-
thalmos should be documented [1, 4].

6.7.4	 �Laboratory Assessment

Ideally, all corneal ulcers should be cultured for definitive identification of the caus-
ative agent(s) before the administration of topical, broad-spectrum antibiotics [6]. 
However, the most recent American Academy of Ophthalmology Bacterial Keratitis 
Practice Patterns guidelines indicate microbiological workup only for sight-
threatening ulcers (large, central) and/or severe keratitis involving atypical appear-
ance and/or those unresponsive to empirical therapy [1]. Smears should be collected 
and examined for rapid diagnosis and early implementation of therapy [1].

Current treatment recommendations for small infiltrates with no stromal involve-
ment are to treat first with a broad spectrum commercially available (fluoroquino-
lone, aminoglycoside) topical antibiotic and culture later if at all. Most corneal 
ulcers are managed this way both in the community and by corneal specialists [1, 4, 
29, 30].

6.7.5	 �Laboratory Workup

Rapid laboratory identification and in vitro susceptibility profiles are essential for pro-
viding appropriate and effective antibacterial therapy. Cultures and smears may offer 
the best support for (1) central, large ulcers with significant stromal involvement,  
(2) ulcers following surgery, (3) chronic ulcers, nonresponsive to empirical treatment, 
(4) ulcers with multiple infiltrates, and (5) ulcers with atypical clinical features [1].

Routine media and smears for microbiological assessment are outlined in Tables 
6.2 and 6.3. Corneal scrapings may be obtained using a spatula, blade, and/or 
flocked swab.

Table 6.2  Routine microbiology stains for bacterial keratitis

Stain Organisms Notes
Gram Aerobic and anaerobic 

bacteria, fungi, amoeba, 
and microsporidia.
Note: Nocardia species 
stain weakly gram-positive

Documents morphology (rods, cocci) and 
distinguishes between gram-positive and gram-
negative organisms. Both morphology and staining 
are impacted by topical antibiotic use
Turnaround time: 5 min

Giemsa Inflammatory cells, 
bacteria, amoeba, fungi, 
and microsporidia

Determines types of inflammatory/immune cells, 
presence of bacteria, fungi, amoeba, and 
microsporidia
Turnaround time: 2 min

Acid fast Mycobacteria, Nocardia, 
Streptomyces, and 
Microsporidia

Kinyoun, Ziehl-Neelsen, and/or acid fast (AFB) 
fluorescent stains. Requires a fluorescent microscope
Turnaround time: 15 min

Acridine 
orange

Bacteria and fungi Requires a fluorescent microscope
Turnaround time: 3–5 min

D. Miller et al.
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The reported culture-dependent frequency, diversity, and relative abundance of 
the major bacterial corneal pathogens have remained essentially the same over the 
last 30  years in South Florida and worldwide. Frequency, diversity, and relative 
abundance differ however by geographic locations, patient populations, time peri-
ods, culture positive criteria, and practice locations [2, 6]. Data collected are high-
lighted in Tables 6.4, 6.5, 6.6, and 6.7 (Figs. 6.1 and 6.2).

Table 6.3  Common media for recovery of frequent bacterial keratitis isolates

Media for bacterial keratitis Recovery spectrum
Routine
 � –  Chocolate agar Fastidious organisms including Neisseria gonorrheae, 

Haemophilus influenzae, Moraxella species, and 
Bartonella species
Aerobic and anaerobic bacteria including 
Staphylococcus aureus, coagulase-negative 
Staphylococci, Streptococcus pneumoniae, and 
Pseudomonas aeruginosa
Less common organisms including Mycobacteria, 
Streptomyces, and Nocardia species

 � –  5% sheep blood agar Aerobic and anaerobic bacteria including 
Staphylococcus aureus, coagulase-negative 
Staphylococci, Streptococcus pneumoniae, and 
Pseudomonas aeruginosa
Less common organisms including Mycobacteria, 
Streptomyces, and Nocardia species

 � –  Thioglycolate broth Aerobic and anaerobic bacteria including 
Cutibacterium acnes, Bacteroides, and Clostridium 
species
Important to include with cultures collected from 
pretreated patients serves to dilute out the antibiotic 
and/or other medications

Supplemental
 � – � Anaerobic media (CDC 

Anaerobic blood agar, 
Kanamycin-Vancomycin agar, 
Phenyl ethyl alcohol 
agar-anaerobic)

Anaerobic bacteria including Cutibacterium acnes, 
Peptotostreptococcus, Bacteroides, and Clostridium 
species

 � –  MacConkey agar Aerobic and facultative gram-negative rods including 
Pseudomonas aeruginosa, Serratia marcescens, 
Stenotrophomonas maltophilia, Achromobacter 
xylosoxidans, and Enterobacteriaceae
Most useful with cultures from patients with contact 
lens-associated ulcers

 � – � ESwab Mini-Flocked liquid-
based Ames medium

Molecular testing—including PCR and next 
generation metagenomic studies. Place at 20 C with 
15 min of collection and at 80 C for long-term 
storage

 � – � Lowenstein-Jensen medium Mycobacteria, Streptomyces, and Nocardia species
Transport
 � – � ESwab Mini-Flocked liquid-

based Ames medium
Multipurpose collection and transport medium for the 
recovery of fastidious, aerobic and anaerobic bacteria 
up to 48 h
Also used as a medium for metagenomic studies
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Table 6.4  Culture-dependent corneal pathogen, BPEI 2015-June 30, 2019

Firmicutes (gram-positive) # of isolates %
Abiotrophia defective 1 0.2%
Aerococcus urinae 1 0.2%
Enterococcus faecalis 14 2.9%
Gemella haemolysans 1 0.2%
Gemella morbillorum 3 0.6%
Globicatella sanguinis 1 0.2%
Granulicatella adiacens 4 0.8%
Lactococcus lactis spp lactis 1 0.2%
Lactococcus raffinolactis 1 0.2%
Micrococcus luteus 1 0.2%
Staphylococcus aureus 226 47.6%
Staphylococcus auricularis 1 0.2%
Staphylococcus capitus 1 0.2%
Staphylococcus epidermidis 81 17.1%
Staphylococcus haemolyticus 4 0.8%
Staphylococcus hominis ssp. hominis 6 1.3%
Staphylococcus lentus 1 0.2%
Staphylococcus lugdunensis 1 0.2%
Staphylococcus pseudintermedius 1 0.2%
Staphylococcus sciuri 1 0.2%
Staphylococcus warneri 3 0.6%
Streptococcus agalactiae 4 0.8%
Streptococcus dysgalactiae ssp. equisimilis 4 0.8%
Streptococcus gordonii 1 0.2%
Streptococcus intermedius 3 0.6%
Streptococcus mitis 2 0.4%
Streptococcus mitis/streptococcus oralis 48 10.1%
Streptococcus oralis 1 0.2%
Streptococcus parasanguinis 1 0.2%
Streptococcus plunimalium 2 0.4%
Streptococcus pneumoniae 35 7.4%
Streptococcus pseudoporcinus 2 0.4%
Streptococcus pyogenes 3 0.6%
Streptococcus sanguinis 7 1.5%
Streptococcus sanguis 1 0.2%
Streptococcus viridans group except S. 
pneumoniae

7 1.5%

Total isolates 475 100.0%

D. Miller et al.
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Table 6.5  Culture-dependent corneal pathogen, BPEI 2015-June 30, 2019

Actinobacteria (gram-positive, weakly 
gram-positive) # of isolates %
Corynbacterium propinquum 2 5.4%
Dermacoccus nishinomiyaensis 1 2.7%
Gardnerella vaginalis 2 5.4%
Kocuria kristinae 4 10.8%
Kocuria rosea 4 10.8%
Kocuria varians 1 2.7%
Mycobacterium abscessus 4 10.8%
Mycobacterium chelonae 1 2.7%
Mycobacterium fortuitum species group 1 2.7%
Nocardia asteroides complex 5 13.5%
Nocardia farcinica 1 2.7%
Nocardia species 8 21.6%
Streptomyces species 3 8.1%
Total isolates 37 100.0%

Table 6.6  Culture-
dependent corneal pathogen, 
BPEI 2015-June 30, 2019

Proteobacteria (gram-negative)
# of 
isolates %

Ochromobacter anthropic 1 0.2%
Achromobacter denitrificans 2 0.3%
Achromobacter xylosoxidans 7 1.2%
Burkholderia cepacia 1 0.2%
Burkholderia cepacia group 4 0.7%
Acinetobacter baumannii complex 3 0.5%
Acinetobacter iwoffii 1 0.2%
Acinetobacter radioresistens 1 0.2%
Aeromonas hydrophila/caviae 1 0.2%
Citrobacter koseri 12 2.0%
Enterobacter aerogenes 2 0.3%
Enterobacter cloacae complex 7 1.2%
Escherichia coli 2 0.3%
Klebsiella oxytoca 6 1.0%
Klebsiella pneumonia ssp pneumoniae 9 1.5%
Moraxella (Branhamella) catarrhalis 2 0.3%
Moraxella group 23 3.8%
Moraxella lacunata 1 0.2%
Moraxella lincolnii 1 0.2%
Moraxella osloensis 3 0.5%
Moraxella species 4 0.7%
Morganella morganii ssp morganiii 1 0.2%
Pantoea ssp 4 0.7%
Proteus hauseri 1 0.2%
Proteus mirabilis 17 2.8%
Pseudomonas aeruginosa 396 65.8%
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The most commonly reported bacteria corneal pathogens include gram-positive 
species belonging to two major phyla (Firmicutes and Actinobacteria) [2, 6, 10, 17]. 
The frequency and abundance vary with patient populations, time period, culture 
frequency, and empirical treatment.

Proteobacteria (gram-negative)
# of 
isolates %

Pseudomonas alcaligenes 1 0.2%
Pseudomonas fluorescens 4 0.7%
Pseudomonas luteola 1 0.2%
Pseudomonas mendocina 1 0.2%
Pseudomonas oryzihabitans 1 0.2%
Pseudomonas putida 1 0.2%
Pseudomonas stutzeri 1 0.2%
Rhizobium radiobacter 1 0.2%
Serratia fonticola 1 0.2%
Serratia liquefaciens 1 0.2%
Serratia liquefaciens group 4 0.7%
Serratia marcescens 65 10.8%
Stenotrophomonas maltophilia 7 1.2%
Vibrio alginolyticus 1 0.2%
Total isolates 602 100.0%

Table 6.6  (continued)

Table 6.7  Culture-
dependent corneal pathogen, 
BPEI 2015-June 30, 2019

Bacteroidetes (gram-negative)
# of 
isolates %

Chryseobacterium indologenes 2 33.3%
Elizabethkingia meningoseptica 1 16.7%
Sphingomonas paucimobilis 3 50.0%
Total isolates 6 100.0%

Fig. 6.1  Trends in the 
culture-dependent recovery 
of top corneal pathogens, 
1990-June 30, 2019

D. Miller et al.
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6.7.5.1	 �Firmicutes (Gram-Positive Cocci and Rods)
The Firmicutes are a phylum or group of bacteria with characteristics associated 
with gram-positive cell wall structure (Table 6.4). They usually stain purple with the 
gram stain due to a thick peptidoglycan layer [10]. They are found in a variety of 
habitats including the skin and mucus membranes of humans. These are the most 
reported bacterial species recovered from culture dependent and culture indepen-
dent bacterial keratitis surveys. Staphylococci, Streptococci, Micrococcus, 
Lactobacillus, Bacilli, and Clostridia are among the most common genera among 
this group [6, 10]. This was the second most common phylum (42.4%) reported at 
our Institute and included 36 different species across 10 genera.

Staphylococci are among the leading causes of bacterial keratitis in the United 
States and worldwide. Reported prevalence ranges from 1 to 45% [2, 6]. Infections 
are diverse and include contact lens-associated keratitis (Fig. 6.3) and marginal 
keratitis. Coagulase-negative Staphylococci constitutes the major corneal patho-
gen recovered from patients with ocular surface disease including bullous kera-
topathy, chronic herpetic keratitis, and atopic keratoconjunctivitis [1]. Currently, 
there are more than 30 species of coagulase-negative Staphylococci [31]. However, 
S. epidermidis is the most commonly identified and reported species, especially in 
older patients, bandage contact lens wears, and those with a compromised ocular 
surface, altered immune response, and microbiome dysbiosis. This group of 
Firmicutes is among the most frequent bacteria identified by both culture-depen-
dent and culture-independent studies as core members of the ocular surface 
microbiome [6, 7, 10, 17].

Fig. 6.2  Culture-
dependent diversity and 
relative abundance of 
corneal pathogens-BPEI, 
2015-6-30-2019
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Coagulase-positive species, mainly S. aureus, are the second most frequently 
reported cause of bacterial keratitis in several reports from the United States and 
Europe, with rates ranging from 3 to 49% (Fig. 6.4) [6]. Both methicillin-sensitive 
(MSSA) and methicillin resistant (MRSA) Staphylococcus aureus isolates are 
frequently recovered from healthcare exposure. In a recent report from South 
Florida, 81.3% of the 75 evaluated isolates were healthcare–associated following 
corneal transplantation, contact lens wear, and/or cataract surgery. There was no 
significant difference between MRSA (n = 47, 74.5%) and MSSA (n = 28, 92.8%), 
p-0.0507 [32]. Similar results were reported from Taiwan [33].

Streptococci including S. pneumoniae are among the most common gram-
positive cocci reported from Asia and are frequently associated with patients with 
chronic ocular surface disorders (Fig. 6.5). The group includes the beta-hemolytic 
Streptococci, S. pyogenes (Group A), S. agalactiae (Group B), the alpha-hemolytic 
species including S. pneumoniae and the viridans group (i.e., Streptococcus mitis, 
Streptococcus oralis). Nonhemolytic (gamma) Streptococci and nutritionally defi-
cient Streptococci (i.e., Abiotrophia defective) are also in this group. This group 
appears in chains and/or pairs in gram stain and/or Giemsa smears [6].

Fig. 6.3  14-year old who 
presented with contact 
lens-associated bacterial 
keratitis

Fig. 6.4  Staphylococcus 
aureus keratitis

D. Miller et al.
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Streptococcus pneumoniae was the top corneal pathogen recovered in the 
Steroids for Corneal Ulcer Trial (SCUT) study and may be the most common gram-
positive isolate in some parts of India [34]. S. pneumoniae isolates were recovered 
in less than 10% of the corneal isolates in South Florida.

The Streptococcus viridans group is frequently involved in infectious crystalline 
keratopathy, described as gray-white opacities (Fig. 6.6). It most commonly devel-
ops in patients on long-term steroid use, especially following penetrating keratopa-
thy. These bacteria are difficult to culture because they are encased in a thick biofilm 
which protects them from removal and antibiotic therapy [10, 35].

6.7.5.2	 �Actinobacteria (Gram-Positive Rods)
Actinobacteria are gram-positive rods found in the environment including soil and 
water and on human skin (Table  6.5). Genera include the Corynebacterium and 
Cutibacterium (Propionibacterium, Mycobacteria, and the aerobic Actinomycetes). 
Corynebacterium and Cutibacterium are considered part of the ocular “core” micro-
biota but are also recovered in bacterial keratitis among contact lens wears, the 
elderly, and patients with compromised ocular surface disease and/or 

Fig. 6.5  Streptococcus 
pneumoniae keratitis

Fig. 6.6  Pseudomonas 
aeruginosa keratitis
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immunosuppression [36, 37]. Mycobacteria and Nocardia corneal ulcers are dis-
cussed in Chaps. 7 and 8 respectively. We have observed a decline in the number of 
culture dependent Corynebacterium associated corneal ulcers in the last 5 years, but 
an increase in Nocardia and Mycobacteria species.

6.7.5.3	 �Proteobacteria (Gram-Negative Cocci, Rods)
Reported prevalence of infectious keratitis due to gram-negative bacteria ranges 
from 1 to 50% [1, 2, 6]. The majority of these are members of the Proteobacteria 
(Table 6.6). Common members among these included Pseudomonas aeruginosa, 
Serratia marcescens, and Moraxella species [4, 6–8, 15]. This was the largest and 
most diverse group of microorganisms recovered in our cultures. Pseudomonas 
aeruginosa was the most frequent isolate and constituted 65% of the Proteobacteria 
and 54.3% of the total gram-negative isolates in general. Bacteroidetes were recov-
ered in less than 1% of bacterial corneal ulcers.

Pseudomonas species, predominantly, Pseudomonas aeruginosa, are leading 
causes of gram-negative bacterial keratitis. It is the leading cause associated with 
cosmetic contact lenses wear in the United States, the United Kingdom, and France 
[1, 4, 6]. It is also recovered from patients exposed to trauma with contaminated 
water, soil, and/or vegetation. In both conventional and metagenomic surveys, it has 
been recovered from healthy and diseased corneas as well as contact lenses from 
asymptomatic and symptomatic patients [15]. It presents as an acute, virulent, and 
progressive infection that can lead to corneal melting and perforation within 48 h 
(Fig.  6.7). It has an array of virulent factors including toxins, proteases, and 
antibiotic-resistant genes that aids it in establishing and maintaining corneal infec-
tion [1, 4].

Bacteroidetes
Members of this group are recovered from patients with chronic ocular surface dis-
ease and/or chronic local/systemic ocular disease (Table 6.7). These are found in a 
wide variety of environmental niches (soil, water) and in the gut and on the skin of 
humans and animals [10]. These ulcers can be indolent and difficult to treat.

Fig. 6.7  Streptococcus 
mitis crystalline keratitis
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6.8	 �Use of Metagenomics to Detect Bacterial Keratitis

Although several investigators have attempted to use shotgun metagenomics to 
reduce turnaround time and improved identification of the etiological agent in bac-
terial keratitis, challenges exist [38]. Currently, there are no standard protocols for 
specimen collection, storage, or genomic platform. Availability is also an issue.

The main challenge, however, is coordinating and selecting the true ocular patho-
gen from the diversity of microorganisms recovered and associated with this sensitive 
method and/or documenting the roles of the other community members to the disease 
process. In a recent report by Seitzman et al., they confirmed that shotgun metage-
nomics could amplify the etiological agent identified by culture in a proof-of-concept 
exercise [39]. This was done by eliminating “contaminating and background taxa.” 
However, 15 of the 20 (75%) most common taxa have been recovered from bacteria. 
The most challenging task in establishing an etiological agent interpreting metage-
nomic results. No culture-negative cases were included in the study. As with culture 
results, metagenomic analysis must be coordinated with the clinical picture.

6.8.1	 �Antimicrobial Therapy

Empirical therapy, with broad spectrum, commercially available topical antibiotics 
Empirical therapy is the current standard of care for treating bacterial keratitis [1]. 
Both the AAO’s current Bacterial Keratitis Practice guidelines and the Royal 
College of Ophthalmologists Focus, United Kingdom guidelines recommend mono-
therapy with a fluoroquinolone as the initial therapy for bacterial keratitis. 
Alternatives include combination/fortified therapy with a cephalosporin and amino-
glycosides. Vancomycin should be reserved for documented multidrug-resistant 
gram-positive isolates. Efficacy and susceptibility profiles may be significantly dif-
ferent according to location, patient populations, and dispensing frequency [1, 40].

Evidence and support for these recommendations were provided by a 2014 
Cochrane-like review that found no difference in the effectiveness between mono-
therapy with a fluoroquinolone and combination therapy with commonly used forti-
fied antibiotics (cephalosporins and aminoglycosides) [41, 42].

However, increasing drug resistance to the fluoroquinolones and emerging resis-
tance to commonly used fortified drops in the United States have been documented 
by two national surveys since 2005. The Ocular Tracking Resistance in US Today 
(TRUST) was the first national surveillance study tracking emerging antibiotic 
resistance among Staphylococcus aureus, Streptococcus pneumoniae, and 
Haemophilus influenzae ocular isolates collected over a 3-year period 2005–2008. 
Susceptibility rates among the fluoroquinolones for MSSA and MRSA were less 
than 90% and 20% respectively. Susceptibility for S. pneumoniae and Haemophilus 
influenzae remained at >90% [43].

The Antibiotic Resistance Monitoring in Ocular Microorganisms (ARMOR) 
replaced and expanded the TRUST study in 2009. Data from the cumulative 
ARMOR (2009–2018) report confirms the continuation of increasing fluoroquino-
lone resistance among ocular Staphylococcal isolates and increasing resistance 
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among both Pseudomonas aeruginosa and Streptococcus pneumoniae. 
Nonsusceptibility rates to the aminoglycosides ranged from 2.9% P. aeruginosa to 
17.5% coagulase-negative Staphylococci. The rate for S. aureus was 15.6%. For 
MSSA and CoNMSSA nonsusceptible rates were less than 7%, which methicillin 
resistance was associated with rates higher than 25% [44]. Multidrug-resistant iso-
lates to ciprofloxacin and ofloxacin have been reported from several developing 
countries [45]. Wilcox reported resistance rates ranging from 10 to 24% of isolates 
from Africa, Asia, and South America [46].

In general, bacterial ocular isolates recovered from keratitis in the United States 
remain susceptible to combination therapy with fortified antimicrobials, cephalo-
sporins and aminoglycosides and/or aminoglycosides and vancomycin [6, 47].

Increasing or sustained fluoroquinolone resistance (ciprofloxacin, ofloxacin, 
levofloxacin, and moxifloxacin) among methicillin susceptible and resistant 
Staphylococci and emerging resistance among Pseudomonas aeruginosa, Serratia 
marcescens, and Streptococcus pneumoniae remain worrisome [6]. The current rec-
ommendation of initial fluoroquinolone treatment for bacterial keratitis may need to 
be revisited for this location and regions with rates greater than 20% resistance. 
Antibiotic drug selection should be based on clinical impression, probable patho-
gens, antibiotic exposure history, and current local susceptibility profiles.

In vitro susceptibility testing may improve antimicrobial therapy. Although there 
is no current and/or standard ocular breakpoints, Oldenburg et  al. documented a 
correlation with general MIC breakpoints and outcomes for keratitis for moxifloxa-
cin [48]. The conclusion from the SCUT study was that moxifloxacin mediates the 
relationship between causative organisms and clinical outcomes in bacterial kerati-
tis and is likely on the causal pathway between the organism and outcome [34, 48].

6.9	 �Steroids and Bacterial Keratitis

The use of corticosteroids as adjunctive therapy in the management of bacterial 
keratitis is still somewhat controversial. Some clarity about their benefit was pro-
vided by the Steroids for Corneal Ulcers Trial (SCUT), a large, randomized, double-
blinded, placebo study developed to evaluate the role of corticosteroids treatment of 
bacterial corneal ulcers [49].

In general, topical corticosteroids appeared safe but provided no significant 
improvement in the treatment of bacterial keratitis. They did appear to be beneficial 
for ulcers that were central, deep or large, non-Nocardia or classically invasive 
Pseudomonas aeruginosa, patients with low baseline vision, and when started early 
after the initiation of antibiotics [49, 50].

6.10	 �Conclusions

Bacterial keratitis remains a common, major global and public health concern. Despite 
improvements in surgical techniques, topical antibiotic spectrum, and patient and pro-
vider education, minimal progress has been achieved in reducing the incidence and/or 
prevalence of bacterial keratitis in urban and nonurban populations.
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Local, regional, and international rates and pathogen spectrum have remained 
relatively stable over the last 30 years with little improvement in clinical assess-
ment/diagnosis or rapid laboratory detection. Increasing exposure to healthcare 
(contact lens—cosmetic, therapeutic; ocular surgeries) coupled with the aggressive 
use of broad-spectrum antibiotics, corticosteroids, and other immunosuppressive 
agents increase the risk of bacterial keratitis. This strategy does not seem to be 
effective in reducing the antimicrobial resistance. Rates or complications associated 
with this current “standard of care.”

A new paradigm is needed. It needs to include the integration of improved clini-
cal and laboratory techniques/technology for rapid and accurate diagnosis with the 
understanding of the dynamic interactions at the ocular surface health, between the 
ocular and gut microbiome diversity and immune defenses in cornea health and 
disease. Two new opportunities to reach this goal include the use of artificial intel-
ligence and selection of next generation sequencing.

6.10.1	 �Artificial Intelligence and Neural Networks

The use of artificial intelligence and neural networks could serve as an adjunct to 
supplement both the clinical and laboratory diagnosis of bacterial keratitis. A com-
bination of imaging (confocal, slit lamp), microbiology slides as well as integration 
of clinical and microbiology laboratory data from electronic medical records and/or 
microbiology laboratory database could be integrated into a neural network to gen-
erate a computer-assisted diagnosis of bacterial keratitis.

6.10.2	 �Next Generation Sequencing

Use of molecular techniques such as shotgun metagenomics and standard bioinfor-
matics interpretations could provide information on the interaction of the ocular 
microbiome, ocular surface epithelium and local immune (tears) defenses and their 
contribution to patient diverse outcomes in bacterial keratitis.
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