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Abstract
Purpose—To describe temporal trends in Pseudomonas aeruginosa resistance to moxifloxacin in
keratitis isolates from South India.

Methods—The Steroids for Corneal Ulcers Trial (SCUT) was a randomized, double-masked,
placebo-controlled trial assessing outcomes in patients with culture positive bacterial corneal
ulcers randomized to receive prednisolone phosphate or placebo. All patients received
moxifloxacin, and susceptibility to moxifloxacin was measured at baseline using Etest. We
investigated trends in moxifloxacin susceptibility of P. aeruginosa during 2007, 2008, and 2009
isolated in SCUT in South India.

Results—There were 89 P. aeruginosa isolates during 2007, 2008, and 2009 in SCUT that were
eligible for this study. There was an increase in the proportion of resistant isolates from 19% in
2007 to 52% in 2009 (P=0.02, Chi-square test for trend). Logistic regression showed that there
was a 2-fold increase in odds of resistance per one year increase during the study period (OR 2.16,
95% CI 1.09 to 4.26, P=0.027).

Conclusions—We found a sharp increase in the proportion of isolates that were resistant to
moxifloxacin from 2007 to 2009. Further work needs to be done to characterize the nature of this
increase.
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Introduction
Bacterial keratitis is a sight-threatening infection of the cornea that can lead to poor visual
outcomes in the absence of appropriate therapy. While the true incidence of bacterial
keratitis is unknown, there are thought to be at least 1.5-2 million cases of infectious
keratitis annually.1 While there are geographic variations in the distribution of causative
organisms, a large proportion of infectious keratitis is due to bacteria, with Pseudomonas
aeruginosa being one of the most common isolates.2 Fourth-generation fluoroquinolones
were introduced within the last decade. They are one of the newest classes of antibiotics
used to treat ocular infections, and are thought to be particularly efficacious in the treatment
of bacterial keratitis.3

Previous reports have documented an increase in second- and third-generation
fluoroquinolone-resistant P. aeruginosa from ocular infections.4, 5 Case reports have
described P. aeruginosa resistance to the newer fourth-generation fluoroquinolones, such as
moxifloxacin, in ocular isolates.6 Here, we analyze moxifloxacin resistance trends in
P.aeruginosa isolated from bacterial corneal ulcers in South India as part of a randomized
controlled trial over a three-year period.

Methods
The Steroids for Corneal Ulcers Trial was a National Institutes of Health-sponsored
(www.clinicaltrials.gov NCT# 00324168) randomized placebo-controlled double-masked
clinical trial comparing outcomes in patients randomized to receive 1% prednisolone
phosphate or placebo as adjunctive therapy in the treatment of bacterial keratitis. All patients
received topical 0.5% moxifloxacin (Vigamox®, Alcon, Fort Worth, TX). Specific methods
for the trial have been described previously.7 In brief, patients were enrolled from
September 2006 to February 2010 at the Aravind Eye Care System (Madurai, Tirunelveli,
Coimbatore), the Francis I. Proctor Foundation, University of California San Francisco, and
Dartmouth-Hitchcock Medical Center. All patients with a culture-positive bacterial corneal
ulcer seen during the enrollment period were considered for the trial. Exclusion criteria
included evidence of fungus, acanthamoeba, or herpetic keratitis, age less than 16 years at
the time of the presenting corneal ulcer, impending corneal perforation, and vision worse
than 20/200 in their fellow eye. Ethical approval was obtained from the University of
California Committee on Human Research, the Aravind Eye Hospital Institutional Review
Board, and the Dartmouth Committee for the Protection of Human Subjects.

At presentation, corneal scraping was performed. Two scrapings were smeared directly on
two separate slides for Gram stain and KOH wet mount. Three further scrapings were
inoculated on sheep’s blood agar, chocolate agar, and potato dextrose agar or Sabouraud’s
agar for bacterial and fungal cultures. The criterion for positivity for bacteria was growth of
the organism on one solid medium at the site of inoculation. For Staphylococcus epidermis
and diphtheroids, cultures were considered positive only if moderate growth was seen on at
least two solid media or on one solid medium plus identification of the organism on the
corneal smear (in order to rule out possible contamination of normal flora from the lids).8

All patients were checked for fungal elements on smear and culture. Antibiotic susceptibility
testing was performed using the Etest method (AB BIODISK, Solna, Sweden). Quality
control was performed according to the Clinical and Laboratory Standards Institute (CLSI)
performance standards (CLSI M100-S21).

Since there are currently no standards published by the CLSI for P. aeruginosa sensitivity to
moxifloxacin, we defined “resistant” as a minimum inhibitory concentration (MIC) greater
than or equal to 4 μg/mL, the threshold for resistance to ciprofloxacin. This cutoff has also
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been published by the British Society for Antimicrobial Therapy (BSAC) for P. aeruginosa
resistance to moxifloxacin.9 The number of resistant isolates per year, using this definition,
was tabulated. A Chi-square test for trend in proportions was used to assess for a trend in the
proportion of resistant isolates for each complete year for which there was enrollment in the
trial: 2007, 2008, and 2009. The analysis was restricted to isolates from South India, and
isolates with more than one causative organism were excluded. The log2-tranformed MIC
was used for statistical analyses. Univariate logistic regression was used to assess the odds
per year of having a resistant isolate and odds per year of having already received topical
fluoroquinolone treatment prior to enrollment. Multivariable logistic regression was used to
assess possible confounding of the temporal trend of resistance by prior treatment with a
fluoroquinolone. While we assumed that the samples were independent in our primary
analyses, there could be temporal correlation because the lab personnel’s technique could
change over time (autocorrelation). As a sensitivity analysis, bootstrap resampling of
temporally adjacent pairs of results was performed to account for autocorrelation. Statistical
analyses were performed in Stata 10.0 (StataCorp, College Station, TX).

Results
There were 111 P. aeruginosa isolates identified in the trial. Of these, 106 were from South
India. MIC results were not available for two isolates, and one isolate was excluded due to
mixed infection. Of these, 14 were not enrolled during the analysis periods (2007-2009), and
were therefore excluded. Therefore, 89 isolates were analyzed in this study. The MIC50 of P.
aeruginosa against moxifloxacin was 3.0 μg/mL (interquartile range 2.0 to 4.0). Of the 89
isolates, 31 (34%) were identified as having an MIC greater than 4 μg/mL. The proportion
of resistant organisms rose from 19% (95% CI 5.4% to 41.9%) in 2007 to 52% (95% CI
29.8% to 74.3%) in 2009 (P=0.024, Table 1). In an unadjusted univariate logistic regression
model, each 1-year increase was associated with a two-fold increase in odds of having a
resistant isolate (Odds Ratio (OR) 2.16, 95% CI 1.09 to 4.26, P=0.027). Adjusting for
autocorrelation as a sensitivity analysis did not change these results (OR 2.2, 95% CI 1.02 to
4.6, P=0.04). The odds of pre-treatment with fluoroquinolone increased 2-fold per 1-year
increase, however this association was not statistically significant (OR 1.95, 95% CI 0.85 to
4.46, P=0.11).. In a multivariate logistic regression model including pre-treatment with a
fluoroquinolone as a covariate, adjusting for autocorrelation, each 1-year increase was
associated with a twofold increase in odds of having a resistant isolate, similar to the model
that did not adjust for pre-treatment with a fluoroquinolone (OR 2.0, 95% CI 0.92 to 4.33,
P=0.07).

Discussion
Fluoroquinolones are commonly used as empiric therapy for ocular infections such as
bacterial keratitis.10 Since they target both DNA gyrase and topoisomerase IV, two
mutations rather than one are required to result in resistance to fourth-generation
fluoroquinolones, thus effectively lowering their mutation prevention concentration.11

Consequently, spontaneous resistance may be less likely to occur.3 At the time of the
introduction of fourth-generation fluoroquinolones in ophthalmology, Mather et al suggested
that this requirement of two mutations would substantially slow the development of
resistance among pathogens.3

There are few studies documenting temporal trends in fourth-generation fluoroquinolone
resistance in ocular isolates. In this study, the MIC50 of moxifloxacin against P. aeruginosa
was considerably higher than previous reports in the literature.12 In addition, we found a
dramatic increase in the proportion of moxifloxacin-resistant organisms isolated over a
three-year period. It is not clear what is responsible for this increase in moxifloxacin
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resistance. Prior studies have shown that pre-treatment with a fluoroquinolone is a risk
factor for fluoroquinolone resistance in ocular bacterial isolates.13, 14 In this study, the odds
of pre-treatment with fluoroquinolone increased by approximately 2-fold during the study
period, suggesting that there may be an increasing trend of fluoroquinolone use, although
this was not statistically significant. However, increased resistance with time did not change
appreciably when pre-treatment with a fluoroquinolone was taken into account. The increase
in resistance could be explained by an increase in community oral fluoroquinolone use, or an
increase in topical fluoroquinolone use resulting in de novo resistance. A community survey
of fluoroquinolone use would be useful to characterize consumption of these antibiotics in
this region to try to explain the reason for such an increase in resistance. The sample size in
this study was small, and we only had data for 3 complete years. A larger study that covered
more years would more definitively characterize temporal trends in P. aeruginosa resistance
to moxifloxacin, and would allow for adjustment for autocorrelation by year. Resistance to
newer antibiotics should continue to be monitored.

This report demonstrates the need for vigilance with fourth-generation fluoroquinolones, and
awareness of the potential for resistant P. aeruginosa keratitis isolates. The rise of resistance
in these ocular isolates is worrisome given that these isolates are from serious infections, and
a higher MIC to moxifloxacin has been shown to be associated with worse clinical outcomes
in bacterial keratitis.15 There is a need for further analysis of fourth-generation
fluoroquinolone-resistant strains of P. aeruginosa, to determine if particular strains or
virulence factors are associated with increasing resistance patterns, and to characterize the
cause of this increase in resistance.
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Table 1

Proportion of moxifloxacin-resistant isolates of Pseudomonas aeruginosa, 2007-2009

Year Moxifloxacin-resistant isolates (N, %, 95% CI*) P

2007 (N=21) 4 (19%, 95% CI 5.4 to 41.9%)

0.024**2008 (N=47) 16 (34%. 95% CI 20.9 to 49.3%)

2009 (N=21) 11 (52%, 95% CI 29.8 to 74.3%)

Total (N=89) 31 (35%, 95% CI 25.0 to 45.7%)

*
Exact binomial 95% confidence interval

**
Chi-square test for trend in proportions
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