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The battle between antibiotics and bacteria has changed
considerably over the past few decades. When penicillin was introduced in the 
1940s, all staphylococcal isolates were susceptible to it, and penicillin became a 
potent weapon against infection.1 Indeed, penicillin was hailed as a panacea, a 
“wonder drug,” and in many respects it was. � e early antibiotics were so e� ective 
that some believed that humankind’s age-old battle with communicable disease 
was on the verge of being decisively won.

But that optimism was short-lived, and today it is clear that the early antibiotic 
successes were only the � rst round in a struggle the end of which is not in sight. 
As we know, bacteria quickly developed means to defeat penicillin, and by the 
late 1960s more than 80% of community- and hospital-acquired staphylococcal 
isolates were penicillin resistant.2 And, of course, bacteria grew resistant to more 
than penicillin. According to surveillance studies, the potency of antibiotic 
treatments is decreasing worldwide.3-9 Today, roughly 70% of the infectious 
bacteria in hospitals are resistant to at least one of the standard drugs used to 
treat them.10 

� is global phenomenon has serious implications for ophthalmology. Most 
concerning is the fact that numerous strains of bacteria are now resistant to 
current-generation � uoroquinolones, the most commonly used antibiotics in 
eyecare.11-13 Although the so-called fourth-generation � uoroquinolones have 
advanced mechanisms for killing bacteria, pathogens have developed resistance 
to them more quickly than they did to their predecessors (3 years versus 5 to 8 
years).14-16 In 2007, Solomon and coworkers reported on a series of 13 refractive 
surgery patients who developed postoperative infections from methicillin-
resistant Staphylococcus aureus (MRSA), in some cases despite prophy laxis with 
fourth-generation � uoro quinolones.17 Although nine of the 12 patients in that 
study had some link to a medical facility (the source of most MRSA), three MRSA 
infections were community acquired. Equally worrisome is the fact that eyes may 
be colonized by resistant bacteria without showing any signs of infection.18,19

In the following pages, we will explore the phenomenon of bacterial resistance. 
We will look at the activities that have encouraged the global rise of resistance 
and study the prevalence of resistant organisms in ocular isolates. We will review 
the mechanisms by which resistance spreads and look at the implications for 
ophthalmology of a rising tide of resistant bacteria. Finally, we will look at means 
of slowing or preventing the development of resistance among ocular pathogens.

References on page 6.
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Since their development, antibiotics have been a 
boon to medicine, both human and veterinary; and anti-
biotics have come to play a major role in agriculture. But 
it is possible to overuse them, and by making antibiotics 
common in the environment, human beings have helped 
bacteria develop means to render 
antibiotics less e� ective. 

One common activity that 
promotes the development of resis-
tance is the inappropriate prescrip-
tion of antibiotics by physicians.1,2 

More than 80% of patients who see 
a doctor for conjunctivitis receive 
a prescription for an antibiotic; 
but one study found that 68% of 
conjunctivitis cases for which an 
antibiotic had been prescribed were 
nonbacterial in origin.3,4 A similar 
situation exists in internal medicine, where more than 
50% of all prescribed antibiotics are used to treat respi-
ratory tract infections, even though viruses are known 
to cause a large number of those infections.5 � is is 
disturbing because it is frequent exposure to antibiot-
ics that creates selective pressure in favor of resistance.6,7 

Patients also play a role in increasing resistance. For 
a variety of reasons (the cost is too high, they’ve started 
to feel healthy again, etc), patients may abandon or taper 
their prescribed course of antibiotic treatment. As a re-
sult, rather than destroying all of the pathogens by com-
pleting the appropriate treatment, some patients may 
instead create an ideal environment in which pathogens 
can adapt to the antibiotic.8 Studies have shown that pa-
tients o� en stop adhering to guidelines when they reach 
the later days of a long treatment period.9,10

Other Sources of Antibiotic in the 
Environment

Another factor, and perhaps the most signi� cant, is 
the liberal use of antibiotics in agriculture. According 
to a 2002 study, agriculture uses up to 80% of all of the 
antibiotics produced in the United States, and a large 
portion of that goes toward promoting animal growth 
rather than treating animal illness.11 Continual exposure 
can create bacterial resistance within the animals, and 
when their meat is packaged and sold, humans who 
handle or consume it can become infected with the 
resistant bacteria.12 � is circumstance contributed 

to an unprecedented decision by the US Food and 
Drug Administration, which withdrew its approval 
of a veterinary pharmaceutical—the � uoroquinolone 
enro� oxacin—in 2005 a� er determining that the use 
of � uoroquinolones in poultry ultimately produces 

antibiotic resistance in humans.13,14

Finally, the use of antibiotic 
drugs in veterinary practice, plus the 
growing presence of antibiotics in 
food, soil, and water also contribute 
to the problem of resistance.15 � ere 
is also speculation that prescribing 
one antibiotic instead of a combi-
nation may play a part. Antibiotic 
combinations have been e� ective at 
curbing resistance in the treatment 
of tuberculosis, HIV, and leprosy.16

While only a few years ago � uoro-
quinolone monotherapy was highly recommended, multi-
drug therapy will likely grow in popularity.

The Arrival of MRSA
Whereas some bacteria have become resistant to a 

particular drug, many others, including some of those 
present in ocular infections, have become resistant 
to multiple drugs. One example is MRSA (Figure 1). 
Roughly 94,000 people develop serious MRSA infec-
tions each year, and approximately 19,000 die from 
them annually.17 � is pathogen has wide-ranging ef-
fects—it can cause mild skin infections or lead to much 
more serious conditions, such as hemorrhagic pneumo-
nias.18 And as we’ve seen, MRSA is no stranger to ocular 
infection. MRSA’s increasing prevalence and its spread 
throughout the healthcare system have become growing 
concerns.19,20 

MRSA appears to have originated within 2 years 
a� er the antibiotic methicillin was introduced in 1959. 
Although methicillin was created to treat infections 
caused by penicillin-resistant S. aureus, reports of MRSA 
isolates surfaced in the United Kingdom in 1961. More
MRSA isolates began to appear in other countries around 
the world, and every indication is that today the spread of 
MRSA continues unabated.21

� e � rst reported case in the United States occurred 
in a Boston hospital in 1968.22 � ese strains became 
known as HA-MRSA, or hospital-acquired MRSA. 
Some people who later acquired them saw the onset a� er 

Figure 1 MRSA. Scanning electron 
micrograph × 4780. (Source: Centers 
for Disease Control and Prevention.)

CHAPTER 1

Antibiotic Resistance
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they had le�  the hospital, so the term community-onset 
MRSA (CO-MRSA) was developed to describe HA-
MRSA cases in which the onset occurs in the commu-
nity.23 Eventually, another form of MRSA emerged, one 
that was clearly not derived from HA-MRSA. Called 
community-acquired MRSA (CA-MRSA) these new 
staphylococci have become major pathogens since their 
discovery in the 1990s (Table 1).24-26 

The mecA Gene
A close look at MRSA’s genome helps to explain 

its resistance to a variety of treatments. Normally, beta-
lactam antibiotics (eg, methicillin) attack bacteria by 

binding to proteins in them called penicillin-binding 
proteins (PBPs), thereby weakening and eventually kill-
ing the bacterial cell.27,28 However, MRSA strains have 
acquired a gene, mecA, that protects them from this pro-
cess. � is mecA gene encodes penicillin-binding protein 
2a (PBP2a), which has an extremely low a�  nity for beta-
lactam antibiotics. � is allows bacteria to keep growing 
even at very high beta-lactam concentrations, and it 
makes MRSA resistant to all beta-lactam antibiotics (ie, 

penicillins, cephalosporins, and carbapenems).29,30

� e mecA gene is carried by a large genetic element 
called the staphylococcal cassette chromosome mec
(SCCmec). Five types of SCCmec are known to exist. 
HA-MRSA is associated with types I, II and III. � ese 
may hold elements of resistance for several antibiotics, 
including � uoroquinolones.31,32

SCCmec types IV and V appear in CA-MRSA. 
SCCmecIV is quite small, and there are concerns that it 
may be able to facilitate more e�  cient transfer of resistant 
genes and a faster growth rate.33-36  Interestingly, while 
CA-MRSA is associated with resistance to fewer antibi-
otics, genetically transmitted virulence factors associated 
with CA-MRSA can produce very severe infections, in-
cluding pyoderma and hemorrhagic MRSA pneumonias.

Beyond MRSA
MRSA is just one example of a potentially multiple-

drug-resistant bacterium. Others, such as Escherichia coli
and Klebsiella pneumoniae, produce extended-spectrum 
beta-lactamases (ESBL), which are enzymes that can 
hydrolyze the beta-lactam ring of penicillins and other 
agents so that they lose their e�  cacy.37,38 � ere have been 
several reported outbreaks of bacteria with ESBLs in the 
United States and globally since they were discovered in 
the 1980s, leaving few alternative treatments as they con-
tinue to become increasingly prevalent worldwide.39-41  

Other multi-drug-resistant bacteria include MRSE 
(methicillin-resistant Staphylococcus epidermidis) and 
PRSP (penicillin-resistant Streptococcus pneumoniae); 
some pathogens—known as “superbugs”—have become 
resistant to virtually all antibiotic treatments.42-44  

The Consequences
� e emergence of resistant bacteria has had many 

signi� cant outcomes. Numerous strains of salmonella are 
now resistant to a number of antibiotics, and the Centers 
for Disease Control and Prevention have noted that out 
of 22 reported children in the United States who died 
of S. aureus in� uenza in 2006-2007, 15 had infections 
with MRSA.45 Antibiotic resistance has also been linked 
to the rise of mortality rates in patients with bacteremia 
caused by resistant Pseudomonas aeruginosa, S. aureus, K. 
pneumoniae, E. coli, Enterobacter spp, coagulase-negative 
staphylococci (CoNS) and enterococci.46,47

Not only do these developments pose a threat to 
treatment e�  cacy and overall health, but they also have 
the potential to create additional expenses for healthcare 
facilities, including diagnostic tests, additional treat-
ments and other costs that the facility won’t necessarily 
be able to pass on to patients or third-party payers.48

continued on page 7

TABLE 1 Differences between HA-MRSA and CA-MRSA

Hospital-Acquired
MRSA

Community-Acquired
MRSA

Non-community origin Community origin

Risk factors present Risk factors absent

Older median age Younger median age

SCCmecA, I, II, III SCCmecA IV 

PFGE genotypes other 
than USA300 or USA400

PGFE genotypes USA300 or 
USA400

Multidrug resistant Pauciresistant

Multiple infection sites
Severe soft tissue infections 
or CAP and infl uenza 

Not susceptible to most 
antimicrobials

Susceptible to clindamycin, 
doxycycline or TMP-SMX

Susceptible to 
vancomycin, quinupristin/
dalfopristin, linezolid, 
minocycline, daptomycin 
or tigecycline

Also susceptible to HA/CO 
MRSA antibiotics

PFGE = pulsed-fi eld gel electrophoresis 
SCC = staphylococcal cassette chromosome
CAP = community-acquired pneumonia
TMP-SMX = trimethoprim-sulfamethoxazole
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From an evolutionary 
biology perspective, it has taken 
an extremely brief span of time for 
a wide range of bacteria to learn 
how to resist a varied group of 
highly toxic agents. Today, when 
a new antibiotic is developed, no 
matter how potent, we realize that 
it is only a matter of time before 
some bacteria learn to 
defeat it—although 
there are steps we can 
take that may slow 
the process. How have 
bacteria become so 
e� ective at this?

Horizontal 
Transfer

One answer is 
that unlike humans 
who—up to now at 
least—have only been 
able to transfer a useful 
mutation from parent 
to child, bacteria can 
spread genetic infor-
mation to their peers 
and even across bacte-
rial species lines. An-
other way of putting 
this is that antibiotic 
resistance can spread 
vertically (resistance 
genes passed down 
from a bacterium to 
its descendants) or horizontally 
(via transfer of genetic material 
from one bacterium to another).1

In the latter, resistance traits can 
be transferred between species—
in 2003, for example, MRSA 
obtained genes from vancomy-
cin-resistant enterococci, which 
produced vancomycin- and meth-
icillin-resistant S. aureus.2 � is 

horizontal transfer of genetic ma-
terial enables resistance to spread 
quickly and e�  ciently. � anks to 
horizontal transfer, bacteria don’t 
have to wait for a rare mutation to 
occur and then spread vertically 
(and therefore slowly) through a 
species.

Horizontal transfer can occur 

in one of three ways. � e � rst of 
these, conjugation, involves the 
transfer of DNA from one cell to 
another via cell-to-cell contact. 
During this process, two cells are 
joined by a tube-like structure 
called a pilus. Using the pilus, the 
genetic information travels from 
one cell to the other on a plasmid.3

By the time the two cells sepa-

rate, the recipient cell has gained 
resistance and can now become a 
resistance donor cell itself. Conju-
gation can also involve the transfer 
of genetic information from cell to 
cell on transposons, mobile genetic 
elements that can change location 
within the genome.4 Conjugation 
can occur between species. 

A second form 
of horizontal trans-
fer is transduction, in 
which a bacteriophage 
(a virus that infects 
bacteria) containing 
genetic information 
that confers resis-
tance infects a nonre-
sistant bacterial cell. 
� e viral DNA with 
resistance-conferring 
genetic information 
can then be incorpo-
rated into  the host 
bacterium’s DNA. In 
a third means of hori-
zontal transfer, trans-
formation, the bac-
teria take up “naked” 
DNA (DNA outside 
the cell). If the naked 
DNA contains micro-
bial resistance genes, 
the bacteria can gain 
them in this process.5

Resistance Mechanisms
Once they obtain the genetic 

means to do so, there are four pri-
mary mechanisms by which bac-
teria defend themselves against 
antibiotics:6-8

• � e bacteria may produce 
enzymes that render the 
antibiotic ine� ective (enzy-
matic inactivation).

How Bacteria Inactivate Drugs and
Transfer Resistance

Mobile Plasmid Pilus
Bacterium

Donor

Chromosome

Recipient

Relaxosome Transferosome

New Donor New Donor

1.

2.

3.

4.

Horizontal transfer of genetic information: 
plasmid exchange by conjugation.

5
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• Bacteria can alter the anti -
biotic target site so that the 
antibiotic doesn’t recognize it,

• Bacteria can decrease anti-
biotic uptake or increase ef-
� ux of the drug (ie, “pump” 
the antibiotic from cells 
before it reaches the target 
site), or

• � e bacteria can develop 
bypass pathways around 
antibiotic targets. � at is, 
the antibiotic can bind to 
its target, but the bacteria 
has developed other ways to 
continue functioning. 
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Earlier Findings in Ophthalmic Cases
� e presence of signi� cant antibiotic resistance in 

ophthalmic isolates is not a recent � nding.  In a 1998 
study, Jensen and coworkers tested 1,291 isolates from 
12 laboratories in the United States, Canada, Mexico 
and Argentina and found that 18% of staphylococci were 
already resistant to then-current � uoroquinolone antibi-
otics. Nonetheless, the � uoroquinolones were still more 
e� ective than other antibiotics tested, such as gentami-
cin, tobramycin and erythromycin.49 In India, at about 
the same time, researchers observed penicillin-resistant 
strains of S. pneumoniae in 16% of 617 ophthalmic 
isolates.50 Pinna and colleagues found that multi-drug-
resistant CoNS were common among strains isolated 
from chronic blepharitis, purulent conjunctivitis, and 
suppurative keratitis.51 In isolates obtained in pediatric 
patients aged 2 to 4, Block and coworkers reported that 
69% of H. in� uenzae isolates and 29% of S. pneumoniae 
isolates were beta-lactamase positive, meaning that the 
bacteria produced enzymes that inactivate beta-lactam 
antibiotics such as penicillin.52 Although beta-lactamase 
production was found in 16% of H. in� uenzae strains 
in the early 1980s, this number had ballooned to 69% 
by 2000.53

Recent Findings
More recent studies have reported growing resistance 

to ocular antibiotic treatments for conjunctivitis, endo-
phthalmitis, and keratitis. For example, Buznach and 
coworkers studied conjunctival swabs from 428 children 
with bacterial conjunctivitis in 2005. � ey found that 
29% of H. in� uenzae isolates were beta-lactamase posi-
tive, and 60% of the S. pneumoniae isolates were resistant 
to penicillin.54 

Bacterial resistance in endophthalmitis poses addi-
tional risks because of the severity of the disease and the 
potential for loss of the eye. Recchia and colleagues re-
viewed the records of 497 patients who were treated for 
endophthalmitis following cataract surgery from July 1, 
1989 through June 30, 2000. � ey reported a substantial 
increase in gram-positive pathogens, heightened resis-
tance to the antibiotic cipro� oxacin, and increased resis-
tance of CoNS (from 19% to 40% to cefazolin; and from 
20% to 38% to cipro� oxacin).55

Laser vision correction has been a focus of the Amer-
ican Society of Cataract and Refractive Surgery, which 
monitors causative agents for infectious keratitis follow-
ing LASIK. � e organization has found that the inci-
dence of keratitis has increased from 1 case in every 2,919 
surgeries in 2002 to 1 in every 1,102 in 2008, and, more 
worrisomely, that MRSA has become the most prevalent 
causative pathogen.56,57

Increasing MRSA Prevalence
MRSA is developing a more widespread presence in 

ocular infections in general. Cavuoto and coworkers col-
lected data on all patients with conjunctivitis who sought 
treatment at an eye institute in Miami over a 10-year pe-
riod. � ey found that the proportion of MRSA in bacte-
rial conjunctivitis isolates rose from 4.4% to 42.9% of S. 
aureus isolates (P  =  0.001). � ey also observed increased 
resistance to cipro� oxacin, erythromycin, and oxacillin.58

More recently, the Ocular TRUST (Tracking Resis-
tance in the U.S. Today) program reported that MRSA 
accounted for more than half of S. aureus isolates in 
2006-2007.59,60 (Ocular Trust is a true national surveil-
lance program, with ocular isolates sent in from around 
the country. All testing, however, is done to NCLI stan-
dards at a single extremely capable facility, making Ocular 
TRUST by far the most reliable surveillance mechanism 
available for tracking resistance in ocular isolates.)

MRSA eye infections are classi� ed as multi-drug 
 resistant if the pathogen is resistant to three or more anti-
biotic agents, and this type is becoming more prevalent 
in serious eye infections.61 Miller and coworkers gathered 
data on S. aureus isolates recovered from conjunctiva, 
eyelid, and orbit sites between 2000 and 2005 (n =  484) 
and found that the portion of isolates that were MRSA 
increased by nearly 60%. In addition, more than half 
(74/141) of the MRSA isolates were multi-drug resistant. 
� e researchers also found evidence that some ocular sites 
may serve as a reservoir for CA-MRSA.62

While it is possible that ophthalmic infection reports 
may be skewed toward more serious postoperative infec-
tions, these results provide some insight into the wide-
spread nature of these resistant bacteria. � ey are cause 
for reasonable concern.
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As bacteria have evolved resistance, scientists 
have raced to develop agents to counter them. Most im-
portant for ophthalmology are the � uoroquinolones, 
particularly the most recently developed agents. A class 
of synthetic antibiotics, the � uoroquinolones are e� ec-
tive against a wide range of infectious organisms, and 
most � uoroquinolones have good tissue penetration, a 
relatively long tissue half-life, and low toxicity. Although 
there is no accepted way in which � uoroquinolone “gen-
erations” are classi� ed, in ophthalmology four genera-
tions of � uoroquinolones are generally said to exist, and 
each succeeding generation has featured enhancements 
that have improved overall potency.1-6

� e � uoroquinolones date back to 1962 with the 
discovery of nalidixic acid, which was approved for clini-
cal use later that decade.7,8 � is marked the � rst in what 
eventually became a class of antibiotics called quino-
lones, agents that proved very e� ective against aerobic, 
gram-negative bacteria.9

� e quinolones, however, showed much weaker ac-
tion against aerobic gram-positive bacteria and anaero-
bic bacteria. In 1980, the second generation emerged 
with enhancements to address this issue. Among other 
improvements, were addition of a � uorine atom at C-
6 to nor� oxacin, which resulted in the � uoroquinolone 
name used today. Although this generation proved to be 
more potent against aerobic gram-positive bacteria and 
showed better antimicrobial activity against gram-nega-
tive bacteria, it still wasn’t e� ective against anaerobic 
bacteria.10

Enter the third generation, which demonstrated 
good antimicrobial activity against anaerobic bacteria 
and were also more e� ective against gram-positive 
bacteria. A� er some additional enhancements, the 
fourth and current generation of � uoroquinolones 
emerged. While maintaining the antibacterial activity 
of earlier generations, this generation also exhibits 
powerful activity against anaerobes and greater potency 
against pneumococci.11

How Fluoroquinolones Are Bactericidal
Fluoroquinolones kill bacteria by forming enzyme:-

� uoroquinolone:DNA complexes with two essential en-
zymes—DNA gyrase (topoisomerase II) and topoisom-
erase IV—thereby inhibiting DNA synthesis and block-
ing the growth of the bacteria.12-17

Older ocular � uoroquinolones (eg, o� oxacin, cipro-

� oxacin) preferentially target topoisomerase IV of gram-
positive bacteria rather than both toposiomerase IV 
and DNA gyrase. Because newer � uoroquinolones tar-
get both, it is believed that two spontaneous mutations 
must occur in order for e� ective bacterial resistance to 
develop.18-21

Gati� oxacin and moxi� oxacin, two members of the 
fourth generation, have this dual mechanism and have 
demonstrated lowered antibiotic resistance compared 
with older � uoroquinolones. In addition, these antibi-
otics have speci� c properties that enable them to pro-
duce high tissue concentrations, and their MICs against 
pathogens of interest to ophthalmologists are substan-
tially lower than those of earlier � uoroquinolones.22-25

Despite these advances, it is still possible for multi-
step mutations to occur. � is is most likely to take place 
a� er bacteria are exposed to frequent sublethal � uoro-
quinolone dosing (eg, intermittent or tapered dosing). 
While the odds of two random mutations happening 
simultaneously are very small, when a bacterium gains 
the genetic capacity to overcome antibiotic binding to 
one enzyme (topoisomerase-II, for example), the odds 
of a second mutation making the bacterium able to 
counter the drug’s anti-topoisomerase IV activity are 
not nearly as small. Moreover, the � uoroquinolones 
most widely used in eyecare, moxi� oxacin and gati-
� oxacin, have been used systemically, which raises the 
chances that ocular pathogens will develop resistance 
to these agents.26, 27

Resistance to the Fourth Generation
Bacteria have already started to build resistance to the 

fourth generation � uoroquinolones.28 A survey of bacte-
rial eye pathogens in 10 European countries revealed that 
among all bacterial isolates submitted, MRSA was the 
most common pathogen and showed strong resistance 
to � uoroquinolones.29 Miller, et al observed greater re-
sistance to both old and new � uoroquinolones among 
CoNS recovered from patients with endophthalmitis.30

Researchers at the Ocular TRUST program have con-
cluded that the elevated level of in vitro MRSA resistance 
to � uoroquinolones implies the need for an alternative 
treatment for this pathogen.31

At this point, when an ophthalmologist encounters 
an ocular infection in a patient known or likely to be col-
onized with MRSA (eg, someone who works in, or has 
just been released from, a healthcare setting), it would 

CHAPTER 2
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be prudent to presume that the infection is � uoroquino-
lone-resistant and treat it that way from the start.
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A relatively small number 
of common bacterial pathogens 
cause most of the infectious con-
ditions that eyecare specialists deal 
with: conjunctivitis, keratitis, and 
endophthalmitis. Not surprisingly, 
as resistance to systemic antibiot-
ics has risen, so, too, has it risen to 
current ocular antibiotics.1-6

Ophthalmologists, like other 
specialists, are used to sending 
specimens to the lab for culture 
and sensitivity testing and getting 
results back labeled “susceptible,” 
“intermediate,” or “resistant.” In 
a perfect world, treatment would 
simply be a matter of choosing an 
antibiotic to which the bacterium 
was “susceptible” and avoiding the 
ones to which the germ is “resis-
tant.” But it isn’t that simple. Cur-
rently de� ned breakpoints, the 
values that determine whether a 
bacterium is labeled “susceptible,” 
“intermediate,” or “resistant,” are 
not infallible guides. 

“Susceptible” typically means 
that when the standard dosage 
is administered systemically, the 
concentration achieved at an in-
fection site should be su�  cient to 
inhibit growth of the isolate (Ta-
ble 1). “Resistant” means that the 
standard concentration doesn’t 
inhibit the isolate, and/or that 
the isolate has a zone diameter in 
a range that suggests certain mi-
crobial resistance mechanisms, 
or that no treatment studies have 
reliably demonstrated the clinical 
potency of the drug against the 
bacterium.7 

� e Clinical and Laboratory 
Standards Institute (CLSI) (for-
merly the National Committee 
for Clinical Laboratory Stan-

dards) de� nes the “intermediate” 
category as including isolates with 
antimicrobial agent minimum in-
hibitory concentrations (MICs) 
that approach usually attainable 
blood and tissue levels and for 
which response rates may be lower 
than for susceptible isolates; this 
category also implies clinical e�  -

cacy in body sites where the drugs 
are physiologically concentrated, 
or when a higher than normal
dosage of a drug can be used.8,9  

� e CLSI also considers the 
following criteria for establishing 
systemic breakpoints (although 
these can con� ict with one 
another):10

• MIC distribution within the 
bacterial species

• Pharmacokinetics/phar-
macodynamics of the drug 
(achievable blood and cere-
brospinal � uid levels, clear-
ance of drugs, toxicity)

• Clinical data (to validate 
that proposed MICs and 
disk di� usion breakpoints 
have predictive value)

Breakpoints Are Not 
Always Relevant

Although the carefully de-
termined breakpoints can be a 
useful measure for predicting the 
resistance and susceptibility of 
bacteria, they also present some 
di�  culties, particularly for oph-
thalmologists. First, in vitro sus-

ceptibility does not always re� ect 
in vivo pathogen susceptibility. 
� ere are multiple reports of ocu-
lar pathogens that showed in vitro 
resistance but were successfully 
treated by the same antibiotic.11-14 

Second (and potentially one 
of the reasons why the in vivo and 
in vitro results have not matched 
on so many occasions), the CLSI 
has de� ned systemic breakpoints 
only. Because in ophthalmology 
most antibiotic medications are 
applied topically, much higher 
antibiotic drug concentrations 
may be possible in the eye than can 
be safely achieved at other body 
sites through systemic dosing.15,16

In some cases, the MIC may be 
higher than the achievable serum 
breakpoint, resulting in a pathogen 

� e Meaning of “Resistance” and 
“Susceptibility”

TABLE 1 Defi nitions

Susceptible Implies that isolates will be inhibited by the usually achievable 
drug concentrations when the recommended dosage for the site of infec-
tion is used.* This does not mean that clinical success is assured, as many 
other factors beyond susceptibility may come into play.

Resistant Implies that isolates are not inhibited by the usually achievable 
concentrations*; and/or demonstrate zone diameters that fall in the range 
where specifi c microbial resistance mechanisms are likely; or clinical effi cacy 
of the agent against the isolate has not been reliably shown in treatment 
studies.

Intermediate Includes isolates with MICs approaching usually attainable 
blood and tissue levels and for which response rates may be lower than for 
susceptible isolates.

* “Achievable drug concentrations” imply concentrations achievable by sys-
temic administration.

11
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being designated as “resistant,” 
when, in fact, the MIC may be 
easily achievable in or on the 
eye with topical dosing.17-20 It is 
also important to remember that 
in vitro data can be a guide but 
cannot predict clinical response.
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Increasing fluoroquinolone resistance raises 
serious concerns because it limits the options for treating 
common eye infections. In an e� ort to overcome patho-
gen resistance, the future may see:1-4

• Development of newer-generation � uoroquino-
lones with lower resistance potential and improved 
potency.

• Growth of combination therapy to ensure killing be-
fore resistance can develop to a particular antibiotic.

• Monitoring of drug interactions, customizing pre-
scribing patterns, and following up with patients.

• Taking advantage of the antibacterial properties of 
preservatives like benzalkonium chloride (BAK).

Benzalkonium Chloride
BAK appears to be an e� ective tool for killing resis-

tant organisms. Widely used in topical ocular drug for-
mulations, this quaternary ammonium compound can 
serve as both a disinfectant and a preservative. In fact it 
is already used as a topical skin disinfectant and as a ster-
ilizing agent for rubber gloves and surgical instruments, 
as well as a preservative for pharmaceuticals.5,6

BAK is a detergent preservative that kills by dis-
rupting the lipid bilayer in bacterial membranes, caus-
ing cytoplasmic material to leak out and the cell to die.7 
Majtan and Majtanova found BAK to be very e� ective 
against Salmonella typhimurium and Serratia marc-
escens (less so for Pseudomonas aeruginosa).8 Moreover, 
using BAK in conjunction with � uoroquinolones has 
been shown to enhance antibacterial e�  cacy. Adding it 
to gati� oxacin and moxi� oxacin, for example, lowered 
the mutant prevention concentration (MPC) 32- to 
1000-fold in in vitro studies.9 (MPC is a measure of 
antibiotic potency and was de� ned in this study as the 
antimicrobial drug concentration required to inhibit 
the growth of the least susceptible cell present in high-
density bacterial populations.) � us, adding BAK pro-
duced a signi� cantly stronger in vitro result compared 
to either gati� oxacin or moxi� oxacin used alone. 

� is advantage appeared in � uoroquinolone-
resistant strains of MRSA and was independent of 
BAK concentration. In comparing the in vitro e�  cacy 
against gram-positive pathogens of levo� oxacin versus 
gati� oxacin, then gati� oxacin versus gati� oxacin plus 
BAK, Borsos and coworkers found that the MICs of 
gati� oxacin plus BAK were 8- to 2000-fold lower than 
those of levo� oxacin and 4- to 1000-fold lower than 

those of gati� oxacin by itself.10-12  
BAK has also been found to lower MICs in vivo. In 

a rabbit keratitis model, Mah, et al studied the corneas 
of 24 animals and observed that a BAK-preserved gati-
� oxacin drop had substantially increased antibacterial 
potency compared with gati� oxacin by itself.13

� ese � ndings suggest that BAK could be an e� ec-
tive means of increasing topical antibiotic e�  cacy, and it 
may have other bene� ts as well. Using commercial prepa-
rations, Rupp and coworkers compared BAK-preserved 
gati� oxacin to nonpreserved moxi� oxacin against sev-
eral yeast isolates in vitro. � e BAK-gati� oxacin combi-
nation was more e� ective in inhibiting growth of every 
fungal organism in the study compared with moxi� oxa-
cin, and in 4 hours, the BAK-gati� oxacin combination 
had reduced 8 out of the 20 test strains to a level of no re-
covery, while 18 moxi� oxacin-only test strains remained 
at levels of 105 cells/mL. A� er 7 days, all 20 BAK-gati-
� oxacin samples demonstrated no recovery, while 15 out 
of 20 nonpreserved moxi� oxacin samples still recovered 
viable cells.14 � is suggests that BAK may have synergis-
tic anti-fungal e� ects.

Novel Antibiotics
Novel antibiotics also provide possibilities for over-

coming bacterial resistance, at least for a period of time. 
Within the ophthalmic realm, Bausch & Lomb is devel-
oping a novel � uoroquinolone, besi� oxacin, exclusively 
for use in the eye. According to the company, the drug, 
which has never been used commercially in humans or 
animals, will remain an ophthalmic pharmaceutical.15

While there is as yet limited clinical experience with 
besi� oxacin, the drug’s structural properties combined 
with clinical studies lead to the expectation that the drug 
will o� er broad spectrum antibiotic activity, potent mi-
crobial eradication, and bactericidal activity.16-18

Moreover, a recent study compared the potency of 
besi� oxacin ophthalmic suspension 0.6% with moxi� ox-
acin ophthalmic solution 0.5% in treating conjunc tivitis. 
Five hundred and thirty-three patients with culture-con-
� rmed bacterial conjunctivitis received treatment (252 
besi� oxacin and 281 moxi� oxacin) three times per day 
for 5 days, and they were evaluated on the � rst, � � h and 
eighth day. � e results showed no signi� cant clinical 
di� erences in outcomes between the two treatments.19 
Other � ndings suggest that besi� oxacin could be an ef-
fective antiin� ammatory agent.20

CHAPTER 3

New Options for Managing Resistance
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Actions We Can Take
� ere are steps we can take to prevent or at least delay 

the development of antibiotic resistance among ocular 
pathogens. First, we can prescribe antibiotics only when 
needed, using sensitivity testing to select the appropriate 
treatment. Regularly monitoring prescribing patterns 
and patient follow-ups, prescribing antibiotic combina-
tions when necessary, and rotating � rst-line therapies in 
the hospital setting will also assist in this e� ort. � e edu-
cation of healthcare professionals and patients on these 
issues is essential.

On a community level, we can focus on the develop-
ment of new antibiotics, minimize use of antibiotics as 
growth promotion agents in animals, and decrease use of 
antibiotics in agriculture.

Conclusion
Antibiotic resistance is increasing worldwide, but 

there are measures we can take to address this issue and 
its potential future impact on ocular � ora. By developing 
guidelines toward this goal, as well as appropriate break-
points for topically administered ophthalmic antibiotics, 
we can better understand and deal with resistance among 
ocular pathogens. 

Additional treatment options would also be wel-
come. Adding BAK to ophthalmic preparations may lead 
to improved MICs, for example; and, until new classes of 
antibacterial drugs emerge, it helps to have novel � uoro-
quinolones, such as besi� oxacin, to which few bacteria 
have been exposed. It is reasonable to expect that reserv-
ing it exclusively for ocular use will slow the process by 
which resistance develops.

Finally, the development of a newer generation of 
broad-spectrum � uoroquinolones with low toxicity, 
high ocular penetration and less resistance potential is 
also warranted. Fluoroquinolones are wonderfully ef-
fective at preventing and resolving ocular infections, 
but moxi� oxacin and gati� oxacin have also been used 
systemically for many years, which explains the current 
level of resistance and increases the likelihood of higher 
levels of resistance in the future.21-23 Ideally, all newer 
generation ophthalmic � uoroquinolones will be speci� -
cally designed for topical use on the eye and have MIC90 
levels against MRSA isolates that are signi� cantly lower 
than current � uoroquinolones. Collectively, these ef-
forts should assist in managing the threat of rising bacte-
rial resistance to ocular infections.
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STATEMENT OF NEED AND PROGRAM 
DESCRIPTION Discussion with directors of 
ocular microbiology laboratories and a review 
of published articles and presentations at ma-
jor ophthalmology meetings (including the 
annual meetings of the American Academy 
of Ophthalmology, the American Society of 
Cataract and Refractive Surgery and the Asso-
ciation for Research in Vision and Ophthalmol-
ogy) document growing concern over steadily 
rising levels of bacterial resistance to current 
market-leading ophthalmic antibiotic drugs.

Bacterial resistance to these antibiotics can re-
sult in treatment failure, increased morbidity, 
and a greater fi nancial burden on healthcare 
facilities. This is a concern to all who prescribe 
ocular antiinfective medications for either ther-
apeutic or prophylactic reasons. 

However, physicians can affect resistance levels 
by their drug-usage and drug-selection behav-
iors. Aimed at clinicians, this CME activity en-
during material proposes to: 

• Explore the mechanisms of bacterial resis-
tance to antibiotics to develop a rationale for 
appropriate selection and use of prophylac-
tic and therapeutic agents.

• Describe current patterns of resistance to the 
major ocular antibiotics.

• Evaluate possible changes in regimen and 
drug selection that may reduce the induc-
tion of resistance in susceptible species and 
provide patients with protection from resis-
tant strains.

Within ophthalmology, the most widely used 
topical antibacterial agents (by far) are fl uo-
roquinolones (moxifl oxacin, gatifl oxacin, le-
vofl oxacin, ofl oxacin, and ciprofl oxacin). As 
these are the most clinically relevant agents, 
this enduring material will focus on topical 
fl uoroquinolones.

OFF-LABEL USE STATEMENT This work 
discusses off-label uses of antiinfective 
medications.
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gram is sponsored by the University of Florida 
College of Medicine and supported by an un-
restricted educational grant from Bausch and 
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PRA Category 1 Credit™. There is no fee to par-
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credit, participants should read the report, 
and then take the postttest. A score of 80% is 
required to qualify for CME credit. Estimated 
time to complete the activity is 60 minutes. On 
completion, tear out or photocopy the answer 
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 University of Florida CME Offi ce
 PO Box 100233
 Gainesville, FL 32610-0233

Or you can take the test online at www.
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ence Communications, LLC. The University of 
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CREDIT DESIGNATION STATEMENT The 
University of Florida College of Medicine desig-
nates this educational activity for a maximum 
of 1.0 AMA PRA Category 1 Credit™. Physicians 
should only claim credit commensurate with 
the extent of their participation in the activity. 

TARGET AUDIENCE This educational activity 
is intended for ophthalmologists and resident 

and fellow ophthalmologists.

LEARNING OBJECTIVES
1. List the signifi cant ocular pathogens that 

have shown increased levels of resistance to 
topical fl uoroquinolone antibiotics.

2. Describe two mechanisms by which bac-
teria are able to reduce the cidal effects of 
antibiotics.

3. State at least three ophthalmic prescribing 
strategies that may minimize the develop-
ment of resistance among clinically signifi -
cant ocular pathogens.

4. Discuss treatment strategies in situations 
where infection with resistant organisms is 
either suspected or known.

FACULTY AND DISCLOSURE STATEMENTS

Marguerite B. McDonald, MD, FACS, is a 
clinical professor of ophthalmology at New York 
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DISCLAIMER Participants have an implied 
responsibility to use the newly acquired in-
formation to enhance patient outcomes and 
professional development. The information 
presented in this activity is not meant to serve 
as a guideline for patient care. Procedures, 
medications, and other courses of diagnosis 
and treatment discussed or suggested in this 
activity should not be used by clinicians with-
out evaluation of their patients’ conditions and 
possible contraindications or dangers in use, 
applicable manufacturer’s product informa-
tion, and comparison with recommendations 
of other authorities.
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the following page. Please fi ll out the Examination Answer Sheet, photocopy 
it or cut it out, and MAIL or FAX it to: 

UNIVERSITY OF FLORIDA COLLEGE OF MEDICINE
OFFICE OF CONTINUING EDUCATION
PO BOX 100233
GAINESVILLE, FL 326100233

Or you can take the test online at  www.candeocsc.com/BacResist.html

✂ CUT ALONG THIS LINE



16

EXAMINATION ANSWER SHEET The Threat of Bacterial Resistance and Its Implications for Eyecare

✂ CUT ALONG DASHED LINE AND MAIL TO THE UNIVERSITY OF FLORIDA

This CME program is sponsored by the University of 
Florida and Candeo Clinical/Science Communications, 
LLC, and supported by an unrestricted educational 
grant from Bausch and Lomb, Inc. Mail to: University 
of Florida CME Offi  ce, PO Box 100233, Gainesville, FL 
32610-0233. Release date: March 2009. Expiration 
date: March 31, 2010.
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       Objective 2:  1 2 3 4 5
       Objective 3:  1 2 3 4 5

12. Rate the overall eff ectiveness of how the activity:
 Related to my practice:  1 2 3 4 5

 Will infl uence how I practice:  1 2 3 4 5

 Will help me improve patient care:  1 2 3 4 5

 Stimulated my intellectual curiosity: 1 2 3 4 5

 Overall quality of material:  1 2 3 4 5

 Overall met my expectations:  1 2 3 4 5

 Avoided commercial bias/infl uence: 1 2 3 4 5

13.  Will the information presented cause you to make any 
changes in your practice? Yes  No

14.  If yes, please describe: ___________________

____________________________________

15.  How committed are you to making these changes?
  1 2 3 4 5
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 1. A B C D

 2. A B C D

 3. A B C D

 4. True False

 5. A B C D

 6. A B C D

 7. True False

 8. A B C D

 9. A B C D

 10. A B C D
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This CME program is sponsored by the University of Florida, College of Medicine and supported by an unrestricted educational 
grant from Bausch and Lomb, Inc. Directions: Select the one best answer to each question in the exam (Questions 1-10) and in the 
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1. Which of the following is not a 
mechanism by which bacteria can resist 
the e� ect of an antibiotic? 
A. Alteration of the antibiotic target site
B. E�  ux pumping
C. Enzymatic inactivation of the 

antibiotic
D. Addition of virulence factors

2 � e main di� erence between 
 HA-MRSA and CA-MRSA is:

A. CA-MRSA is a newer, o� en virulent 
form of MRSA.

B. HA-MRSA is much less common.
C. Health care workers are now largely 

immune to HA-MRSA.
D. CA-MRSA only a� ects children and 

the elderly.

3. Besi� oxacin
A Has a long history of e�  cacy against 

gram-positive bacteria.
B. Is an aminoglycoside.
C. Has not been used as a systemic or 

veterinary drug.
D. Will be used as a preservative in 

liquid systemic medication.

4. [TRUE OR FALSE] � ere have been 
reports of ocular pathogens that were 
classi� ed as resistant by in vitro testing 
but which were successfully treated 
clinically with an antibiotic to which the 
bacteria showed in vitro resistance.

5. One of the biggest di� erences between 
fourth-generation � uoroquinolones and 
older-generation � uoroquinolones is:
A. Fourth-generation � uoroquinolones 

kill by disturbing the lipid bilayer in 
bacterial membranes, which causes 
cytoplasmic material to leak out.

B. Fourth-generation � uoroquinolones 
bind to two essential bacterial 
enzymes; earlier generations tend to 
bind to just one of those enzymes.

C. Fourth-generation � uoroquinolones 
are more potent than earlier 
generations but have higher toxicity.

D. Fourth-generation � uoroquinolones 
are less potent than earlier 
generations but also much less toxic.

6. A reasonable step that can be taken 
to prevent or delay the development 
of antibiotic resistance among ocular 
pathogens is:
A. Use high doses of antibiotics against 

all infections, including viral.
B. Reserve treatment until culture and 

sensitivity results are available.
C. Prescribe antibiotic combinations 

whenever appropriate.
D. Stop the use of antibiotics

7. [TRUE OR FALSE] Adding 
benzalkonium chloride to 
� uoroquinolones has been shown to 
increase the � uoroquinolones’ ability to 
kill pathogens in vitro.

8. � e breakpoints used to determine 
whether an organism is “susceptible,” 
“resistant,” or “intermediate” typically 
assume the drug is to be given to the 
patient via
A. Topical drop.
B. Transdermal patch.
C. Intracameral injection.
D. Some form of systemic 

administration. 

9. Increasing � uoroquinolone resistance is a 
major concern because:
A. All ocular infections are treated with 

� uoroquinolones.
B. It narrows treatment choices for 

common ocular infections.
C. It suggests that bacteria have become 

more virulent.
D. None of the above is correct.

10. Which of the following is not a practice 
that fosters the development of drug-
resistant bacteria?
A. Culturing all infections that intrude 

on the visual axis.
B. Use of antibiotics in animal feed.
C. Patients tapering their antibiotic as 

soon as they start feeling better.
D. Prescribing antibiotics to patients 

with viral illnesses.


