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Abstract

Microbial keratitis is a potentially blinding condition that must be treated emergently to preserve 

vision. Although long recognized as a significant cause of corneal blindness, our understanding of 

its true global scale, associated burden of disease, and etiological patterns remains somewhat 

limited. Current epidemiological data suggest that microbial keratitis may be epidemic in parts of 

the world—particularly within South, South-East, and East Asia—and may exceed 2 million cases 

per year worldwide. Etiological patterns vary between economically developed and developing 

countries, with bacterial predominance in the former and fungal predominance in the latter. The 

key to effective management lies in timely diagnosis; however, the current gold standard of stain 

and culture remains time consuming and often yields no clinically useful results. For this reason, 

there are attempts to develop highly sensitive and accurate molecular diagnostic tools to provide 

rapid diagnosis, inform treatment decision making, and minimize the threat of antimicrobial 

resistance. We provide an overview of these key areas and of avenues for further research toward 

the goal of more effectively addressing the problem of microbial keratitis on both an individual 

and public health level.
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1. Introduction

Microbial keratitis (MK) is an ocular emergency that may result in sight loss for which the 

prospect of visual rehabilitation is often poor. Clinically, MK is diagnosed by the presence 

of corneal ulceration with or without stromal infiltration, hypopyon and anterior chamber 
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reaction, or signs of conjunctival injection. Historically, MK refers to nonviral causes of 

corneal infection caused by bacteria, fungi, and/or protozoa. Beyond the visual disability 

associated with MK, our understanding of its global epidemiology and associated health care 

and socioeconomic costs remains incomplete. Furthermore, the diagnostic tools used 

currently, including Gram stain and culture, are dated and often inadequate, highlighting the 

need for replacement by more accurate and rapid methods, which in turn would focus patient 

management, minimize treatment failures, and limit the challenge of antimicrobial 

resistance. As the treatment of MK has been discussed in other excellent reviews,8,72 we 

focus rather on currently understudied aspects of MK, to inform future efforts to prevent and 

lessen the global societal burden of MK.

2. Global epidemiology and burden

Up to 5% of all blindness may be attributed to the consequences of ocular trauma and 

resulting infection.104,115 Global estimates of MK as a cause of unilateral blindness range 

from 1.5 to 2 million cases per year, although this is likely conservative due to 

underreporting in economically less developed countries.116 Capturing epidemiological data 

for MK is difficult because most data are reported under the term “corneal blindness” that 

itself comprises a range of traumatic, infectious, inflammatory, and inherited conditions. For 

this reason, rigorous data on MK epidemiology are scant and derived from a limited number 

of published studies (Table 1; Fig. 1). Three of these studies included only contact lens 

wearers.18,83,97

2.1. Microbial keratitis in the developed world

There is a clear distinction between the incidence of MK within developing and developed 

countries (Fig. 1). The estimated incidence in the United States was first extrapolated by 

Erie and coworkers who followed the population of Olmsted County in Minnesota from 

1950 to 1988, reporting an incidence rate of 2.5 per 100,000 persons in the 1950s compared 

to 11.0 per 100,000 in the 1980s, a rise driven largely by increased contact lens use.28 

Another more recent study by Jeng and coworkers focused on a population within Northern 

California from September 1998 to August 1999 and reported an incidence of 27.6 per 

100,000 person-years overall, with 130.4 cases per 100,000 person-years in the contact lens–

wearing population.45 Data from the United Kingdom are similar, with Seal and coworkers 

reporting an incidence of 3.6 per 100,000 in Scotland from a study population in 1995, 

rising to 40.3 per 100,000 as reported by Ibrahim and coworkers who studied the population 

of Portsmouth, England, in 2006.44,88 In addition, 1 study by Lam and coworkers from the 

highly industrialized, developed city of Hong Kong reported an incidence of 6.3 per 

100,000.59

2.2. Microbial keratitis in the developing world

By comparison, epidemiological data from South Asia demonstrate that MK has reached 

epidemic levels in this part of the world (Fig. 1) and presents a major public health threat 

alongside other causes of corneal blindness such as leprosy and trachoma, both of which 

have been targets of large-scale successful World Health Organization campaigns. In parts of 

the world with difficulties regarding access to health care, poorer health indices, and a higher 

Ung et al. Page 2

Surv Ophthalmol. Author manuscript; available in PMC 2020 February 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



proportion of workers within high-risk professions such as farming and agriculture, rates of 

MK are as high as 113 per 100,000 in Madurai, Tamil Nadu, India,35 339 per 100,000 in 

Bhutan,121 710 per 100,000 in Burma,121 and 799 per 100,000 in Nepal.107 Whitcher and 

Srinivasan deduced that there may be in excess of 800,000 cases of MK per year in India 

alone, tenfold greater than that reported in the United States.115 Extrapolating similar figures 

to other similarly underresourced parts of the world, it would be reasonable to expect that in 

similar regions still unstudied, rates may resemble those found currently in South Asia. 

Overall it is likely, owing to scarcity of current data, that the scope of MK has been largely 

underrealized, particularly in economically less developed countries.

2.3. Burden of disease

In the United States, according to a Morbidity and Mortality Weekly Report by Collier and 

coworkers, infectious keratitis results in approximately 1 million clinical visits to health 

practitioners and 58,000 registered emergency departments per annum.21 In all, MK costs 

the US health care system an estimated 175 million dollars in direct health expenditures and 

approximately 70 million dollars in Medicare- and Medicaid-related costs. It is difficult, 

however, to provide a definite estimate of the global burden of MK, other than to suggest 

that it is likely higher than reported and also likely affects poor rural and agricultural farm-

based populations in a disproportionate manner. Furthermore, it is likely that the true burden 

of MK is underestimated because the current WHO guidelines define “blindness” as a visual 

acuity of <3/60 corrected in the better eye, and MK often causes visual disability that is 

significant, but falls short of this standard. Already, corneal ulceration is the most common 

cause of corneal blindness in China according to a nationwide survey91 and the second most 

common cause of all blindness, behind cataract, in children aged 0–15 years in Uganda.113 

Global health care and socioeconomic costs from MK are difficult to ascertain as no such 

data exist, to our knowledge, from the developing world; however, it is reasonable to 

conclude that the costs of MK are magnified insofar as it affects the poorest populations and 

often during their most productive years.117 Although these costs may derive in part from 

poor access to health care, they also may reflect nontraditional patterns of managing MK at a 

patient’s first contact with an eye care provider. Fulminant infection and therefore increased 

burden of disease have been associated with delays in presentation,15 underdosage of 

empirical antibiotics, inappropriate use of corticosteroids, and the impracticalities of 

obtaining diagnostic cultures, particularly within private practice set-tings.108 Furthermore, 

the estimated burden of disease would be even higher if cases were included for which 

cultures were either not considered to be indicated or not performed, including cases with 

small peripheral ulcers that might have been infectious, but were successfully treated with 

empirical antibiotics in the absence of any diagnostic measures.

3. Global etiology in the context of risk factors

3.1. Literature search for microbial keratitis etiology

Global variations in MK etiology largely reflect patient-based risks such as population 

demographic, occupation, contact lens use, concomitant ocular and systemic illness, as well 

as environmental factors such as geographical location, climate, and virulence of causative 

organisms. In June 2018, our search of PubMed and its subsidiary MEDLINE, EMBASE, 
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and Web of Science databases using iterations of the key words, “microbial keratitis,” 

“bacterial keratitis,” “fungal keratitis,” “infective keratitis,” and “acanthamoeba keratitis” 

revealed 6,226 articles, from which 65 were deemed to be original, unduplicated studies 

published after 2000, written in English, with 200 or more patients, and described the results 

of corneal scrapings from individual cases of clinically suspected MK. The captured articles 

were then sorted according to region of study and sample sizes. Table 2 shows the 3 largest 

etiological studies on nonherpetic MK published since 2000 for 7 distinct regions: South 

Asia, East and South-East Asia, Europe, North America, South America, Australia and 

Oceania, and the Middle East and Africa.

3.2. Preponderance of keratitis etiologies is dependent on region

Among all cases of MK, the highest proportions of bacterial etiology have been reported in 

Europe,43,100,105 North America,5,40,66 Australia, and Oceania,49,71,79 (range 85.4–91.0%, 

88.3–91.8%, and 90.2–98.3%, respectively), locations that also have the highest prevalence 

of contact lens wear. By comparison, in other parts of the world, proportions of MK 

attributable to fungal organisms reach parity with bacterial causes. In some studies, fungal 

keratitis rates exceed bacterial keratitis, as in Asia (range 56.1–82.0%).58,61,123 The Asia 

Cornea Society Infectious Keratitis Study recently published the results of a prospective, 

international multicenter study that studied etiological patterns of infectious keratitis, 

including viral disease, from 13 tertiary centers throughout Asia.52 The study included over 

6,500 eyes, reporting fungal predominance in India and China for nonviral MK, both from 

study populations consisting of urbanized and rural communities. The largest known case 

series on microbial keratitis was published by Lalitha and coworkers58 from the Aravind Eye 

Hospital in Madurai, India. In this study, the results of corneal cultures taken from 17,948 

patients presenting with corneal ulceration from 2002 to 2013 were reviewed, with 6,218 of 

10,207 (60.9%) culture positive patients determined to have a fungal etiology. Similarly, 2 

large Chinese studies by Lin and coworkers69 and Xie and coworkers123 reported 

proportions of 44.6% and 77.9%, respectively. In contrast to variations seen in relative rates 

of bacterial and fungal keratitis, worldwide cases of Acanthamoeba keratitis appear to dwell 

between 1% and 3% of all MK, although the proportion of Acanthamoeba keratitis relative 

to total MK case numbers was 7.4% in a large case series of over 6,800 patients from Brazil.
16

3.3. Fungal keratitis

In South Asia, the disparity in etiology, as well as the preponderance of fungal to bacterial 

keratitis, may be explained by several factors. Mycotic ocular infections are seen 

predominantly in areas with a large agricultural and manual labor workforce, especially 

among men who are exposed to foreign body trauma from plant material. In many studies, 

trauma to the eye caused by vegetable matter (including paddy, wheat, and maize stalks), 

and sand or mud, ranked among the top antecedent foreign body insults leading to 

subsequent infection.10,12,14,47,80 The use of traditional eye medicines, prescribed by 

alternative medicine practitioners, and often containing vegetable matter and unpasteurized 

dairy products, has been found to be a risk factor in up to 27.5% in several case series and 

may exacerbate the keratitis.47,80 The preponderance of filamentous fungi such as Fusarium 
spp. and Aspergillus spp., and to a lesser extent dematiaceous molds such as Bipolaris spp. 
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and Curvularia spp. that thrive amid tropical conditions, suggests that climate and geography 

also play important roles. Despite perennially warm conditions, seasonal variations in fungal 

keratitis have been previously observed with some studies demonstrating uneven yearly 

distributions of fungal keratitis with peaks coinciding, for instance, with the windy and 

harvest seasons within Tamil Nadu, India,68 Qingdao, China,123 and with the monsoon 

season in Taiwan.17 Yeast-associated keratitis, including cases caused by Candida spp., are 

uncommon in tropical climates but more common in temperate zones in patients with 

preexisting ocular surface and/or predisposing systemic disease.31,103

3.4. Bacterial keratitis

Despite local and regional variations in bacterial keratitis etiology, the most commonly 

reported causative organisms appear consistent worldwide, with Table 2 demonstrating a 

higher proportion of gram-positive isolates (range 47.6–88.6%; median 72.2%) than gram-

negative isolates (range 11.4–49.6%; median 27.0%); however, we interpret these figures 

with caution because most eyelid and ocular surface commensal organisms are gram positive 

and more likely to contaminate samples. In the absence of standardized methods of 

specimen collection and laboratory reporting, a significant proportion of reported gram-

positive isolates could very well be false positives. Nonetheless, among gram-positive 

isolates, coagulase-negative Staphylococcus species including Staphylococcus epidermidis 
featured among the top 3 bacterial isolates within 17 out of 20 studies for which a 

breakdown of pathogens is available (range 16.6–45.5%; median 28.5%).
2,14,16,37,40,41,43,49,60,66,69,71,79,84,100,105,124 Staphylococcus aureus featured among the top 

3 isolates within 12 of 20 studies (range 9.0–31.4%; median 17.0%).
5,16,40,43,49,60,66,71,79,100,105,124 Streptococcus species including Streptococcus pneumoniae 
were less common (range 7.6–35.9%, median 14.7%).14,37,58,66,79,84,100,105,124

Among gram-negative isolates, Pseudomonas spp. including Pseudomonas aeruginosa 
ranked among the 3 most common isolates in 13 of these 20 studies (range 9.9–42.0%; 

median 12.4%).2,5,14,16,40,41,43,49,58,60,69,71,84 As current data are skewed toward gram-

positive organisms for reasons listed previously, these figures are likely a substantial 

underrepresentation of the true proportion of MK caused by Pseudomonas spp., which is 

almost always considered pathogenic when cultured from the cornea. Although the exact 

degree of underrepresentation is difficult to ascertain, Pseudomonas spp. is undoubtedly a 

major causative organism as it has been identified as the most common singular culprit in 

studies from major centers based in the United States,5,76,106 United Kingdom,89 and Asia.
30,41,59,99,101,127 Most notably, Pseudomonas aeruginosa was the second most common 

pathogen isolated from the Asia Cornea Society Infectious Keratitis Study study, behind 

Fusarium spp., and the most common bacteria isolated in participating centers in the 

Philippines, Taiwan, Thailand, and Singapore.52 Historically, Pseudomonas keratitis has 

been associated with contact lens wear,6,24,67 possibly owing to favorable contact lens case 

colonization,96 a survival niche created between the corneal surface and the lens which 

allows for microbial replication,95 and biofilm production.73,122 Among other less common 

gram-negative isolates, the Enterobacteriaceae family that includes Escherichia spp., 

Klebsiella spp., and Serratia spp. typically account for <10% of all bacterial isolates from 

MK patients.26,58,66
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It is important to also mention several emerging causes of MK, with speciation made 

possible with more contemporary laboratory isolation methods. For instance, the aerobic, 

nonfermenting gram-negative rods Achromobacter xylosoxidans and Stenotrophomonas 
maltophilia, now regarded as important causes of MK, were once typically included as 

“other” uncommon gram-negative etiologies and easily mistaken with their more common 

relative, P. aeruginosa75,93; however, both are now recognized as important causes of contact 

lens–related MK.62,118 This can be critical in the absence of sensitivity testing because both 

are frequently resistant to fluoroquinolones and aminoglycosides. Another example of an 

emerging important MK etiology are Actinomycetes including Nocardia spp., which is an 

uncommon cause of MK in the economically developed world, but which accounted for 

6.7% of all bacterial isolates found in the study by Lalitha and coworkers and 11.1% of 500 

participants of the Steroids for Corneal Ulcers (SCUT) trial, most of whom were recruited 

from Tamil Nadu, India.58,94

3.5. Pediatric microbial keratitis

Although pediatric MK is uncommon, it presents unique clinical and diagnostic challenges 

owing to difficulties associated with achieving a thorough ophthalmic history and 

examination, and the challenge of obtaining corneal scrapings when indicated. For children, 

the risk of complications such as vision loss and amblyopia may be compounded by a 

general tendency to present in the later stages of disease. Data from small, local 

epidemiological studies (Table 3) suggest a general shift in the predisposing factors 

associated with pediatric MK over time. For studies published before 2000, irrespective of 

geographic location, preceding trauma, systemic disease, ocular surface disease, and anterior 

segment surgery accounted for 21.1–44.0%,20,22,56,109 14.0–30%,20,22,78,109 17.7–22.7%,
56,78 and 8.8–24.0%22,56 of cases, respectively. By contrast, studies published after 2000 

demonstrate that contact lens use is now the predominant risk factor in the developed world, 

identified in 35.3–83.3%42,63,77,87,119,126 of cases, while trauma still predominates in less 

developed areas.3,80,90,92 The rise in nocturnal orthokeratology lens use among children for 

the treatment of myopia is now recognized as a strong risk factor for the development of 

MK.114,125

Although it is not surprising that the pathogens associated with MK in these cases are linked 

to specific risk factors, with organisms such as P aeruginosa, CoNS, and S aureus the most 

common isolates found in relation to contact lens use, there appears to be a higher incidence 

of atypical infections in the pediatric population. For example, an unusually high percentage 

of Acanthamoeba has been isolated in cases from Vancouver, Canada77 and Hong Kong, 

China,119 at 30.8 and 12.0%, respectively. The largest case series of pediatric MK published 

in the last decade, of over 108 eyes from Miami, Florida, found Stenotrophomonas 
maltophilia and Fusarium spp. in 19.3 and 13.5% of culture positive cases, respectively.87 

Whether unusual causative organisms are truly more common in children with MK as 

compared to adults, or a reflection of selection bias, is not known due to the paucity of data 

from children. We speculate that, if an association exists, it may relate to factors such as 

more advanced disease at the time of presentation and therefore potentially higher diagnostic 

yield from cultures, less stringent care and use of contact lenses, and perhaps even 
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differences in ocular surface immunity and/ or the pediatric microbiome, particularly in 

children with systemic illnesses.

4. The challenge of diagnosis

4.1. Stain, microscopy, and culture

The current gold standard for diagnosis and determination of a causative agent in MK 

remains stains and culture. The most common stains are Gram and Giemsa for bacteria, 

potassium hydroxide for fungi, and calcofluor white where there is clinical suspicion of 

Acanthamoeba. Commonly utilized culture media include blood agar (sheep, horse, 

chocolate), Sabouraud agar for suspected fungal pathogens, and nonnutrient agar with gram-

negative seeding to culture amoeba. These culturing methods have been used for many 

decades to supplement clinicians’ history and examination, which remain notoriously 

inaccurate in predicting the causative organisms for most MK cases.23 In vivo confocal 

microscopy may be a helpful clinical adjunct but is heavily observer dependent and often 

lacks sufficient resolution to attain definitive diagnostic results.39,51 Latest models of in vivo 
confocal microscopy have reported axial and lateral resolutions of up to 7.6 μm and 1 μm, 

respectively,19 which, while potentially useful in determining the presence of Acanthamoeba 
cysts (10–20 μm) and fungal hyphae (>200 μm) within the cornea, are not sufficient to 

visualize bacteria (0–5 μm), which may appear as indistinct hyperreflective lesions within a 

sea of inflammatory cells.7 In vivo confocal microscopy is still not available everywhere, 

however, and older devices may lack sufficient resolution to reliably identify cysts and 

hyphae.

Unfortunately, the overall yield from stain and culture remains unsatisfactory even if 

remarkably consistent worldwide. As shown in Table 2, the median culture positivity rate 

from clinically diagnosed cases of MK is 50.3% (range 32.6–79.4). Staining methods alone 

are similarly ineffective, achieving diagnosis in only 27.3–61.6% of cases.16,30,50,61 The 

relative insensitivity of these methods may relate to prior antibiotic use, the technical 

difficulties in growing organisms from small samples, and the challenges to immediate 

incubation of culture plates to optimize diagnostic yield.48 These obstacles are not unique to 

corneal infections, except for the relatively small quantity of infected material in a cornea, as 

compared to other infected sites. In MK, for which time is vision, culture is time consuming 

and may generate negative results in spite of the patient having a clinical diagnosis of MK. 

This is often the case with fastidious organisms such as Streptococcus spp. and 

Propionibacterium spp. Furthermore, lack of timely susceptibility and resistance data means 

that clinicians often fall back on treating patients with broad spectrum, fortified antibiotics, 

or a late-generation fluoroquinolone, against which we are now witnessing the emergence of 

resistance.5,64,89 Therefore, despite having satisfactory specificity, the utility of stain and 

culture are limited by poor sensitivity. Finally, polymicrobial keratitis presents unique 

diagnostic challenges, as it can be difficult to distinguish from culture contamination.

4.2. Molecular diagnosis

Novel molecular methods have been developed as a possible means of complementing Gram 

stain and culture in the diagnosis of MK. The hope with such efforts is to work toward 
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developing a rapid, highly sensitive, and accurate diagnostic tool for determining with 

reasonable confidence the etiology of corneal ulceration that can direct antimicrobial 

therapy. Polymerase chain reaction (PCR) has been seen as a potential adjunct or frank 

alternative to current diagnostic methods. Briefly, PCR involves the cyclical amplification of 

minute quantities of deoxyribonucleic acid (DNA) via the processes of denaturation, primer 

hybridization, and elongation.11,55 Denaturation of sampled genetic material is achieved 

with the application of heat, separating DNA into its 2 complementary strands. Primers that 

anneal to their complementary sequences are used to start the synthesis of new 

complementary strands of DNA by a thermostable DNA polymerase. This process is 

typically repeated for over 30 cycles until adequate amounts of DNA (usually over 2 billion 

copies) are synthesized to permit detection. Quantitative PCR allows for estimation of the 

amount of DNA in the initial sample. Multiplex PCR makes it possible to simultaneously 

test for multiple pathogens from a single sample.98

4.3. PCR in ocular infectious diseases

Use of PCR to diagnose eye infection until now has primarily been limited to the detection 

of viral pathogens in suspected ocular infections, such as Herpes simplex virus in herpetic 

keratitis and cytomegalovirus, varicella-zoster virus, and Herpes simplex virus in posterior 

segment uveitis. In the setting of microbial keratitis, multiple studies have investigated the 

diagnostic utility of PCR particularly in the differentiation of bacterial and fungal 

pathologies that are not always distinct on clinical examination. In most studies, 16S for 

bacteria and 18S for fungi rDNA primers are used as they are universally conserved in these 

organisms. The sensitivity and specificity of this approach for detecting pathogens (Table 4) 

have been calculated against different reference standards, either by comparison with a 

definitive clinical diagnosis or with culture. The sensitivity and specificity of all forms of 

PCR, using clinical diagnosis as the standard, range from 70.0–98.0%9,34,54,102,112,128 and 

56.7–100%,9,34,112,128 respectively. Articles that included culture as the reference standard 

reported similar sensitivities and specificities of 73.3–90.9%1,27,32,46,81 and 94.7–98.0%,
27,46,81 respectively. In the largest PCR-based study, conducted by Kim and coworkers,54 

108 consecutive corneal ulcer specimens were analyzed by Gram and potassium hydroxide 

staining, culture, and PCR. That study identified 25 culture-positive bacterial cases and 31 

culture-positive cases for fungi. By comparison, PCR was positive for 19 bacterial and 29 

fungal cases, resulting in a sensitivity of 76% and 93.5%, respectively. Using clinical 

diagnosis as the standard reference, the sensitivity of PCR for bacterial and fungal keratitis 

was similar at 75.0% and 87.9%, respectively. The concordance between PCR and culture 

was 89% for fungi, but just 63% for bacteria, possibly from amplification by PCR of 

commensal ocular surface bacteria.

PCR-based assays that use alternative postamplification methods for microbial detection 

have also been developed to provide rapid MK diagnosis. Kuo and coworkers57 developed a 

dot hybridization assay to diagnose fungal keratitis, using PCR to first amplify the highly 

conserved fungal 5.8S rRNA gene before adding it to immobilized oligonucleotide probes 

specific for fungi fixed to a nylon membrane. Detection by this dot assay, which could be 

seen with the naked eye, was reported to have been 100% sensitive and 96.7% specific for 

fungi identification, although the sample size was small, with only 20 verified fungal 
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keratitis specimens. Although this technique does not give the specific genus of the 

offending fungus, it does highlight the potential of such an assay in determining its presence 

in a sample. In a patient’s initial workup, diagnosis at the bacterial/fungal level may have 

substantial impact because the decision to commence empirical anti-fungal therapy is often 

made on clinical impression alone. Overall, PCR as a diagnostic tool in MK warrants further 

validation, including development of operational protocols for proper sample collection, 

defined diagnostic thresholds, and cost reduction, before full adoption into clinical practice.

4.4. Next generation sequencing

Next generation sequencing (NGS) is a euphemism currently used to describe recently 

developed technologies for very high throughput DNA sequence determination. NGS is now 

being coupled with bioinformatic analysis to detect matches between a sample and large 

databases of reference genome sequences. This has the potential to allow for rapid and 

highly accurate identification of an etiologic agent, as well as its antimicrobial susceptibility 

properties. Importantly, genome sequencing bypasses a well-documented limitation of PCR 

as PCR often requires a priori clinical suspicion to determine which primer sets to use to 

detect a suspected microbe. Numerous approaches have been developed for NGS, with 2 

commonly used short-read methods including sequencing by ligation and sequencing by 

synthesis.36 The former involves the addition of a fluorophore-bound probe ligated to its 

complementary oligonucleotide, from which emission spectra are used to detect the presence 

of annealed sequences at respective time points.74 The latter involves the detection of 

singularly fluorophore-bound nucleotides to elongating strands, mediated by the addition of 

a polymerase. Both methods typically generate millions of nucleotide sequences.

To date, only 1 study has investigated the feasibility of using undirected DNA sequencing to 

identify suspected pathogens in MK. Li and coworkers used NGS in an effort to determine 

the etiology in 16 infected corneas by comparison to organisms recovered from 4 

noninfected controls.65 Their NGS reactions generated 20–46 million separate sequences, 

which were then analyzed using 2 metagenomics database search algorithms, Kraken120 and 

Centrifuge.53 From the infected samples (which included specimens derived from 14 

penetrating keratoplasties), a pathogen or pathogens were identified in 11 of 16 (Kraken) 

and 14 of 16 (Centrifuge) specimens. Combining the data, a putative culprit organism was 

identified in all bacterial cases, 5 of 6 fungal cases, and all 3 Acanthamoeba cases. Despite 

the great diagnostic potential of NGS, including the potential to aid in early identification of 

resistance genes in a range of pathogens, this study also shows that metagenomics databases 

and search algorithms themselves require additional refinement. As for generic PCR, 

calibration is essential. It will be important to determine threshold levels of NGS sequence 

reads consistent with infection diagnosis, as opposed to background levels from normal 

ocular flora and or contaminants. In addition, search algorithms such as Kraken, which only 

include complete genomes, may result in cleaner results, but a more a limited range of 

identifiable organisms. Furthermore, the analysis performed in this study required the use of 

a statistical filter for Centrifuge, which includes partially assembled genomes that widen 

diagnostic possibilities, but invites greater potential for contamination and ambiguity in the 

targets identified.
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5. The emergence of antimicrobial resistance

Antimicrobial resistance has become one of the major public health threats of the 21st 

century. In a so-called “post-antibiotic” world,4 it has become incumbent on clinicians to be 

judicious in the use of antimicrobial therapy to treat infections. Indiscriminate antimicrobial 

use selects for the proliferation of microbial lineages with resistance to commonly 

prescribed antibiotics and antifungals.25,38 In bacterial keratitis, there exists a clear trend 

toward resistance to commonly prescribed empirical antibiotics, which include 

fluoroquinolones and fortified antibiotics, often a combination of a cephalosporin or 

glycopeptide and aminoglycoside (e.g., ceftazidime or vancomycin and tobramycin or 

gentamicin). In patients enrolled into the SCUT trial for instance, a 3.48-fold higher 

minimum inhibitory concentration was found for bacteria isolated from patients who had 

been pretreated with topical fluoroquinolones, compared to treatment-naive patients.86 

Similarly, an important sub-analysis from the Mycotic Ulcer Treatment Trial I (MUTT I), 

with over 300 fungal keratitis patients randomized to topical natamycin versus voriconazole, 

found a 2.14 fold increase in mean minimum inhibitory concentration per year after 

adjusting for causative organism.85

The relative impact of systemic versus topical antibiotic use in selection for resistance is the 

subject of considerable controversy. Moxifloxacin is a leading fourth-generation 

fluoroquinolone often used as empirical monotherapy to treat bacterial keratitis, and ocular 

topical preparations have only been commercially available since the early 2000s. Despite its 

relatively recent availability, increased resistance has been observed globally. In India, 

susceptibility to moxifloxacin for coagulase-negative Staphylococcus species and 

methicillin-sensitive Staphylococcus has been reported as low as 61.2% and 53.1%, 

respectively.58 In the United States, moxifloxacin resistance has been documented in 26% of 

all organisms cultured at Wills Eye Hospital, Philadelphia,76 and in approximately 35% of 

all Staphylococcus and Streptococcus species isolated in a study from the Francis I. Proctor 

Foundation, San Francisco.82 These results were consistent with findings from an earlier 

study from Bascom Palmer Eye Institute, Miami, where 28% of Staphylococcus aureus 
isolates were resistant to ofloxacin or ciprofloxacin, both second-generation fluo-

roquinolones.5 Ocular use of advanced fluoroquinolones also parallels and generally follows 

introduction for systemic use.13 As microbes such as Staphylococcus and Streptococcus 
species can also asymptomatically colonize patients, systemic use of antibiotics for any type 

of infection leaves the patient at increased risk of low level colonization by resistant 

microbes and thereby predisposed to antibiotic resistant infection. Therefore, the extent to 

which ocular application of antibiotics contributes to the actual genesis of antibiotic 

resistance, as opposed to simply selecting for the outgrowth of existing antibiotic resistant 

microbes, remains unclear. In either case, prudent use of antibiotics is essential for 

preserving their utility.

Compounding the challenge of MK treatment is the dilemma now posed by multidrug 

resistant (MDR) organisms, which is defined as having acquired nonsusceptibility to at least 

1 agent in 3 or more antimicrobial classes.70 Although Pseudomonas aeruginosa 
susceptibility to either ciprofloxacin or moxifloxacin still hovers around 80% worldwide,
47‘58,66,76,82 MDR Pseudomonas aeruginosa is emerging as problematic cause of MK, 
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especially in South Asia,29,111 and demonstrates the possibility of common bacterial 

etiologies becoming increasingly resistant to frontline topical antimicrobials. In addition, 

MDR organisms not traditionally associated with MK are being isolated from keratitis 

because of the acquisition of virulence factors that extend their pathogenicity to the ocular 

surface. Our institution recently reported an unusual case of extended-spectrum β-

lactamase–producing Escherichia coli keratitis in a patient residing in an aged-care facility 

who had been prescribed a long-term course of moxifloxacin and erythromycin for recurrent 

MK.110 Genotyping of this E. coli variant revealed that it was a multilocus sequence type 

131 (ST131) strain with a novel mutation that confers a mucoid phenotype that impedes 

clearance by phagocytic cells of innate immunity. This strain exhibited resistance to nearly 

all b-lactams, aminoglycosides, and fluoroquinolones and was likely acquired as a result of 

prior hospitalization and antibiotic therapy for nonocular infection. The emergence of MDR 

organisms looms as a particularly frightening threat to patient care because the only agents 

to which many are now susceptible are toxic, expensive, and not widely available as topical 

medications.

6. Future directions and conclusions

MK is a complex disease with far-reaching health and socioeconomic costs. The epicenters 

of MK include South, South East, and East Asia where, in some instances, vision loss has 

surpassed that attributable to other historically leading causes of corneal blindness. 

Compounding the challenge, MK disproportionately afflicts poor, underresourced 

communities for whom access to specialized care is limited and ocular medications are often 

prohibitively expensive. The success of public health interventions with topical antimicrobial 

prophylaxis of corneal abrasions in Bhutan33 and Nepal107 may offer hope. Further 

clarification of the true incidence and trends in etiology of MK outside Asia would improve 

our understanding of the burden of disease and could influence resource distribution. From a 

clinical standpoint, such data are vital in determining empirical therapies in the acute setting. 

It is still uncommon for topical antifungals, for instance, to be included in empirical 

treatment regimens in Southern Asia.

We continue to face many challenges in the diagnosis of MK and the prevention of 

antimicrobial resistance among key pathogens. Although stain and culture have formed the 

cornerstone of MK diagnosis for many decades, with the emergence of new molecular-based 

technologies, older methodologies are no longer adequate as they often fail to provide the 

timely diagnosis necessary to salvage vision. Molecular diagnostics in MK offer substantial 

promise for the future but will require substantial cost reductions, validation of specific 

technologies, and development of clinically practical diagnostic thresholds before they can 

be fully incorporated into practice. Although technical challenges remain, molecular based 

techniques including PCR and NGS show great promise as tools to detect etiological agents 

and direct antimicrobial therapy. Moreover, as the costs of these technologies fall, there is 

hope that their utility will extend to the regions of the world where they are needed most.
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7. Method of literature search

In June 2018, systematic literature searches were completed using PubMed and its 

subsidiary MEDLINE, EMBASE, and Web of Science for the components of this review. 

For the etiology of MK, iterations of the key words, “microbial keratitis,” “bacterial 

keratitis,” “fungal keratitis,” “infective keratitis,” and “acanthamoeba keratitis” were entered 

into these prospective databases, revealing 6,226 related articles. Given the volume of 

literature recovered, as well as the potential for patient duplication within multiple case 

series, our inclusion criteria included publication following 2000 in the English language, 

with over 200 patients and/or corneal scrapes for which identification of etiological agents 

was available. While restriction to the English language may have limited our search results, 

such was the breadth of literature, an overall appreciation of global etiological patterns was 

still achievable. Articles were carefully read, and case series from single institutions were 

carefully screened to ensure only the largest case series was included.

A more specific search was required to obtain studies investigating molecular diagnostic 

techniques for MK. The terms “molecular” or “PCR” or “next generation sequencing” and 

“keratitis” or “corneal ulcer” in the aforementioned databases revealed 192 potentially 

relevant results overall. Emphasis was placed on studies which utilized PCR or NGS to 

identify bacterial, fungal, and/or amoebic keratitis, and we restricted our results to those 

published following 2000 to ensure studies were contemporaneous to our discussion of 

potential future diagnostic techniques. Given the novel nature of these technologies, there 

was no distinction made between etiologies as the aim of this section of our review was to 

critically appraise whether it may be an avenue of research worthy of future pursuit.
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Fig. 1 - 
World incidence and etiological predominance of MK at a glance, grouped into region 

showing wide disparity in incidence between European and Northern American studies and 

those from South and South-East Asia, as well as relative paucity in available worldwide 

epidemiological data. Circles have been placed showing the location of incidence studies. 

Location of studies that reported bacterial keratitis (squares) and fungal keratitis (triangles) 

predominance has also been marked. *Per 100,000 person-years. ** NS, not stated.
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