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KEY POINTS

� Antibiotic resistance is a worldwide phenomenon and a global public health crisis.

� The overuse and misuse of antibiotics in the human sector as well as the animal, food, and
agricultural arenas have contributed to the current dilemma.

� Both gram-positive and gram-negative resistant bacteria have been deemed serious and
urgent threats by the Centers for Disease Control and Prevention.

� The World Health Organization has created a 5-objective global action plan to address
antimicrobial resistance and to coordinate numerous international sectors.

� Antibiotic resistance affects both this generation and the next; thus, related ethical chal-
lenges such as patient autonomy and justice have yet to be fully understood.
INTRODUCTION

The World Health Organization (WHO) has warned that unless the issue of antibiotic
resistance is effectively addressed and contained, the phenomenon has the capacity
to fundamentally change health care systems as we know them. The potential for a
multiplicity of infectious diseases to have no viable antibiotic therapy is an imposing
and impending reality. The complexity of the resistance problem must be confronted
on multiple levels, from individual practitioners and patients, to community and na-
tional hospital systems, from local to global public health organizations, and via global
surveillance and collaboration structures. Only a comprehensive paradigm shift, from
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both public and private sectors, can stem the advancing tide of antimicrobial resis-
tance (AMR) and its consequences for current and future generations.1
EPIDEMIOLOGY: ANTIBIOTIC USE AND RESISTANCE

� The Centers for Disease Control and Prevention (CDC) estimates 30% to 50% of
all antibiotics prescribed in outpatient clinics are unnecessary.2

� Approximately 269 million antibiotic prescriptions were dispensed in the
United States in 2015, enough for 5 of every 6 people to receive 1 antibiotic
prescription.2

� Excess prescriptions put patients at risk for drug reactions or other complica-
tions, including Clostridium difficile.

� One-third of thew500,000 C difficile infections in the United States in 2011 were
community-associated.2

� Approximately 250,000 people each year require hospitalization for C difficile
infections.3

� In the United States, �14,000 people die each year from C difficile infections,
many preventable.3

� Eleven percent of nursing home residents take antibiotics on any single day, ac-
cording to a small CDC study, yet many of these prescriptions were for the wrong
drug, dose, or duration.2

� Overall rates of antibiotic use in US hospitals were stable in 2006 to 2012, but use
of high-powered antibiotics increased by w40% for carbapenems and 30% for
vancomycin.3

� The CDC estimates w30% of antibiotics used in hospitals are unnecessary or
prescribed incorrectly.2

� The CDC estimates antibiotic-resistant bacteria cause more than 2 million ill-
nesses and 23,000 deaths per year in the United States.3

� The European Center for Disease Prevention and Control estimates antibiotic-
resistant bacteria cause w25,000 deaths and V1.5 billion in health expenditures
per year in Europe.4

Antibiotic resistance is a threat to individuals, health care and veterinary systems, and
agricultural industries. The total economic cost of antibiotic resistance could be as high
as $20 billion in excess of direct health care costs, with additional costs for lost produc-
tivity of $35 billion.3 Estimates from the UK government project the cost of drug resis-
tance tobeUS$100 trillionworldwideby2050,with adeath toll up to10millionper year.5
BACKGROUND: HISTORY OF ANTIBIOTIC DEVELOPMENT AND RESISTANCE

The emergence of antibiotic resistance is a complex, multifactorial issue.6 Soon after
antibiotic discovery, the identification of resistance was not far behind (Table 1). Staph-
ylococcus resistance to penicillin was identified even before widespread production of
the first antibiotic in 1943.6 Research shows that the genetic diversity required for this
type of resistance to develop could not have come about in the time frame since the
introduction of penicillin. This discovery indicates that bacteria likely have an intrinsic
predilection for resistance stored within their genome that has been advancing over
thousands of years.6 The development of bacterial resistance to antibiotics is therefore
a natural process and would exist with or without human intervention.7

However, since the introduction of penicillin, selection pressure from the use of
antibiotics allows these bacterial adaptive mechanisms to further accelerate the selec-
tion of naturally resistant or more virulent bacteria. The inappropriate use of antibiotics



Table 1
Timeline of antibiotic development, resistance, and global response

1928 Alexander Fleming discovers penicillin

1930s Prontosil, a sulfonamide, is first commercially available antibacterial

1940 Penicillin-R Staphylococcus identified

1943 Florey and Chain efficiently purify and scale-up production of penicillin

1940–1962 Golden age of antibiotic discovery and production

1950 Tetracycline introduced

1953 Erythromycin introduced

1955 Penicillin use is restricted to prescription only due to widespread misuse

1959 Tetracycline-R Shigella identified

1960 Methicillin introduced

1962 Methicillin-R Staphylococcus identified

1962 Nalidixic acid introduced (predecessor to fluoroquinolones)

1965 Penicillin-R pneumococcus identified

1967 Gentamicin introduced

1968 Erythromycin-R Streptococcus identified

1972 Vancomycin introduced

1979 Gentamicin-R Enterococcus identified

1985 Imipenem and ceftazidime introduced

1987 Ceftazidime-R Enterobacteriaceae identified

1988 Vancomycin-R Enterococcus identified

1996 Levofloxacin introduced

1996 Levofloxacin-R pneumococcus identified

1998 Imipenem-R Enterobacteriaceae identified

2000 Linezolid introduced

2000 XDR tuberculosis identified

2001 Linezolid-R Staphylococcus identified

2001 WHO launches Global Strategy for Containment of Antimicrobial Resistance

2002 Vancomycin-R Staphylococcus identified

2003 Daptomycin introduced

2004/5 PDR-Acinetobacter and Pseudomonas identified

2008 NDM-1, the New Delhi metallo-carbapenemase, observed in Enterobacteriaceae

2009 Ceftriaxone-R Neisseria gonorrhoeae and PDR-Enterobacteriaceae identified

2010 Ceftaroline introduced

2011 Ceftaroline-R Staphylococcus identified

2013 CDC Report on Antibiotic Resistance Threats in the United States

2014 WHO releases Antimicrobial Resistance: Global Report on Surveillance

2015 WHO releases Antibiotic Resistance: Multi-Country Public Awareness Survey

2015 WHO launches Global Action Plan on Antimicrobial Resistance

Dates are based on early reports of resistance in the literature. In the case of PDR-Acinetobacter
and Pseudomonas, the date is based on reports of health care transmission or outbreaks.

Abbreviations: CDC, Centers for Disease Control and Prevention; PDR, pan drug-resistant; R: resis-
tant; WHO, World Health Organization; XDR, extensively drug-resistant.

Adapted from Centers for Disease Control and Prevention. Antibiotic resistance threats in the
United States. 2013. Available at: https://www.cdc.gov/drugresistance/threat-report-2013/pdf/ar-
threats-2013-508.pdf. Accessed January 10, 2018.
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in multiple arenas, from humans to animals to agriculture, has rapidly exacerbated the
resistance issue.6
FACTORS LEADING TO THE RISE OF ANTIBIOTIC RESISTANCE

Antibiotic resistance is present throughout the world. Effective antibiotics are a neces-
sity for both prevention and cure of communicable illness8; however, few new, novel,
and innovative antibiotics are being developed within the pharmaceutical industry.
Finally, issues of both access and excess are playing key roles in the global resistance
dilemma.
The decline in research and development of newer antibiotics is a multifactorial

issue.7 Many of the largest pharmaceutical companies have reduced or eliminated
their antibiotic divisions due to lack of profitability.7 Short-course and reserved usage,
increased regulatory costs, generic competition, and inevitable resistance leading to
further decline in drug utilization, have all led to a negative risk-to-reward ratio.7 Ulti-
mately, since 2013, only 4 multinational pharmaceutical companies still maintain anti-
biotic development divisions.7 Consequently, both US and international organizations
have enacted policies to incentivize corporations to promote antibiotic development.7
ANTIBIOTIC OVERUSE/MISUSE IN HUMANS

Overuse, as well as inappropriate use (in choice, dose, patient adherence), of antibi-
otics contributes to the emergence of bacterial resistance. In the developing world, the
unregulated availability of antibiotics in a community frequently leads to ill-advised
self-medication. In certain countries of Africa, almost all antibiotic use is without a pre-
scription.9 Such self-treatment is fraught with inadequate dosing and duration of use
as well as unnecessary consumption.10 In the developed world, indiscriminate pre-
scribing due to patient expectations and uncertain diagnoses also equates to
mounting AMR.9

In the inpatient setting, prolonged use of multiple antibiotics in highly susceptible,
immunocompromised patients is the main factor leading to antibacterial resistance.
Patient-to-patient spread of highly resistant bacteria further intensifies nosocomial
pressures, promoting further dissemination of difficult-to-treat microbes.10 Mortality
from resistant organisms is much higher than susceptible counterparts, not neces-
sarily from increased virulence but due to delayed or inappropriate antibiotic
therapy.7
ANTIBIOTIC OVERUSE/MISUSE IN THE FOOD/VETERINARY INDUSTRY

The food and animal industries also have contributed to the realm of antibiotic resis-
tance.11 Before 2003, antibiotics were used not only for animal disease treatment, but
more significantly for prevention and growth promotion, both in the United States and
in Europe. The European Union banned antibiotic use completely for animal growth
promotion in 2006, with the United States curtailing veterinary antibiotic use without
a prescription in 2012.7 In the lesser developed world, the same practice continues un-
abated. Other environmental donors to the antibiotic resistance predicament include
waste runoff from large farms, municipal wastewater containing partially metabolized
or discarded medications, industrial agricultural plants with water and ground dissem-
ination of drugs, and naturally occurring pathogenic bacteria found in waterways and
soil.7 In the United States, approximately 80% of all antibiotic use is found in agricul-
ture and aquaculture.6
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EMERGING BACTERIAL THREATS: GRAM-POSITIVE BACTERIA
Key Facts

� 20%: proportion of people who are persistent carriers of Staphylococcus aureus7

� 19,000: deaths per year due to methicillin-resistant S aureus (MRSA) in the United
States7

� 61%: vancomycin-resistance rate of Enterococcus faecium in the United States7

� 40%: Streptococcus pneumoniae strains resistant to penicillin7

� 1.7 million: worldwide deaths caused by tuberculosis (TB) per year7

� 50%: chance of contracting C difficile if one spends more than 4 weeks in the
hospital7

� See Figs. 1 and 2

Staphylococcus aureus

The resistance story of Staphylococcus aureus remains a prototype historical example.
S aureus rapidly became multidrug resistant (MDR) over several decades, beginning
with penicillinase production and penicillin resistance in the 1940s, then macrolide
and tetracycline resistance in the 1950s, and finally methicillin resistance (MRSA) in
the early 1960s. Multidrug resistance subsequently developed and is now worldwide.12

S aureus is a gram-positive, facultative aerobe with both community-acquired and
hospital-acquired strains. The CDC estimates that 7% of people are colonized (via
nares) in the United States with this bacterium.3 Community-acquired MRSA infec-
tions most frequently involve the skin but also may be causative in serious necrotizing
pneumonia and fasciitis.10 Nosocomially acquired MRSA is a key pathogen in almost
all arenas of hospital-acquired infections, including bacteremia, endocarditis, osteo-
myelitis, cellulitis, and pneumonia. It is also the leading cause of chronic infections
Fig. 1. Estimated annual number of cases in the United States: gram-positive antibiotic-
resistant bacteria. Strep, Streptococcus. (Adapted from Centers for Disease Control and
Prevention. Antibiotic resistance threats in the United States. 2013. Available at:
https://www.cdc.gov/drugresistance/threat-report-2013/pdf/ar-threats-2013-508.pdf. Ac-
cessed January 10, 2018.)

https://www.cdc.gov/drugresistance/threat-report-2013/pdf/ar-threats-2013-508.pdf


Fig. 2. Estimated annual number of deaths in the United States: gram-positive antibiotic-
resistant bacteria. Strep, Streptococcus. (Adapted from Centers for Disease Control and Pre-
vention. Antibiotic resistance threats in the United States. 2013. Available at: https://www.
cdc.gov/drugresistance/threat-report-2013/pdf/ar-threats-2013-508.pdf. Accessed January
10, 2018.)
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in indwelling medical devices.13 Thankfully, more recent data noted a significant
decrease in invasive, hospital-acquired MRSA infections.3 Community-acquired
MRSA rates, however, have swelled over the past decade, only recently beginning
to plateau. Globally, MRSA rates still vary from 20% to 80% worldwide, inversely pro-
portional from greater to lesser developed areas.10,14,15

Despite MRSA being one of the leading causative agents of all the antibiotic-
resistant infections, the CDC has categorized it as a serious threat (rather than an ur-
gent threat) based on: (1) the declining number of invasive infections and (2) existence
of multiple effective antibiotics for treatment3 (Table 2). However, MRSA treatment re-
quires either newer antibiotic options that are expensive, like daptomycin (not for
pneumonia) or linezolid (more recently approved in this category in Table 3) or vanco-
mycin, the mainstay for hospital-treated infections, that requires significant moni-
toring. Each of the aforementioned drugs have elevated risks of adverse
reactions.10 In the past several years, Ceftaroline, the only beta-lactam antibiotic
with MRSA and vancomycin-resistant S aureus activity, has been approved for use
in acute bacterial skin and skin structure infections (ABSSIs) and community-
acquired pneumonia, adding another treatment option.15

Resistant Enterococci

Enterococci are considered normal gastrointestinal flora but may become resistant
colonizers when exposed to antibiotics. Enterococcus faecalis and Enterococcus fae-
cium are the 2 most important species of resistant Enterococci, both being potentially
pathogenic, gram-positive organisms. Both groups are highly resistant to aminoglyco-
sides (30%–50%), ampicillin, and vancomycin.15 E faecium has become a CDC-
categorized serious threat due to its inherent beta-lactam resistance coupled with
its propensity to become vancomycin-resistant Enterococci (VRE), doing so at a
much higher rate than its counterpart, E faecalis (77% vs 9%).3,7

https://www.cdc.gov/drugresistance/threat-report-2013/pdf/ar-threats-2013-508.pdf
https://www.cdc.gov/drugresistance/threat-report-2013/pdf/ar-threats-2013-508.pdf


Table 2
Centers for Disease Control and Prevention assessment of antibiotic-resistance threats

Threat Level Bacteria Comments

Urgent Clostridium difficile High-consequence antibiotic-resistant threats
due to significant risks. May not be currently
widespread but have potential and require
urgent public health attention to identify
infections and to limit transmission.

Carbapenem-R
Enterobacteriaceae
(CRE)

Drug-resistant
Neisseria gonorrhoeae

Serious MDR Acinetobacter Significant antibiotic-resistant threats. Not
considered urgent due to low or declining
domestic incidence or reasonable availability
of therapeutic agents, but these threats will
worsen and may become urgent without
ongoing public health monitoring and
prevention activities.

Drug-resistant
Campylobacter

Extended-spectrum
b-lactamase producing
Enterobacteriaceae (ESBLs)

Vancomycin-R
Enterococcus (VRE)

MDR Pseudomonas
aeruginosa

Drug-resistant
non-typhoidal Salmonella

Drug-resistant Salmonella
typhi

Drug-resistant Shigella
Methicillin-resistant

Staphylococcus aureus
(MRSA)

Drug-resistant Streptococcus
pneumoniae

Drug-resistant tuberculosis

Concerning Vancomycin-R
S aureus (VRSA)

Bacteria for which the threat of antibiotic
resistance is low, and/or there are multiple
therapeutic options for resistant infections.
Cause severe illness and require monitoring
and in some cases rapid incident or outbreak
response.

Erythromycin-R Group A
Streptococcus

Clindamycin-R Group B
Streptococcus

Abbreviations: MDR, multidrug-resistant; R, resistant.
Adapted from Centers for Disease Control and Prevention. Antibiotic resistance threats in the

United States. 2013. Available at: https://www.cdc.gov/drugresistance/threat-report-2013/pdf/ar-
threats-2013-508.pdf. Accessed January 10, 2018.
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VRE infections are common culprits essentially only for hospital-acquired infection,
especially in colonization of indwelling medical devices.7 It is important to distinguish
between colonization and true infection with VRE that requires treatment.15 Frequent
sites of VRE infection include intra-abdominal, skin and soft tissues, bloodstream,
heart valves, and urinary tract. Treatment options for VRE infections are noted in
Table 2. Unresponsive VRE disease may require daptomycin in combination with a
beta-lactam or linezolid, depending on specific local resistance patterns.15

Streptococcus pneumoniae

S pneumoniae is the leading cause of bacterial pneumonia for all age groups, both in
community and hospital settings, although the very young and the elderly are dispropor-
tionately affected. S pneumoniae is also frequently implicated in otitis media, sinusitis,

https://www.cdc.gov/drugresistance/threat-report-2013/pdf/ar-threats-2013-508.pdf
https://www.cdc.gov/drugresistance/threat-report-2013/pdf/ar-threats-2013-508.pdf


Table 3
Drug therapies for nosocomial resistant gram-positive infections

Medication Target Comments

Glycopeptide, lipopeptide, and lipoglycopeptides

Vancomycin MRSA Consider an alternative agent for MRSA with a MIC
>2 mg/mL. Nephrotoxic.

Daptomycin MRSA, VRE Not for pneumonia; inactivated by pulmonary surfactant.
Monitor CPK with concomitant statin use.

Dalbavancin MRSA —

Oritavancin MRSA Can cause false elevations in coags after administration.

Telavancin MRSA Black box for nephrotoxicity; avoid use in pregnancy.

Oxazolidinones

Linezolid MRSA, VRE Bone marrow suppression when used >14 d.

Tedizolid MRSA Similar to above.

Beta-lactams

Ceftaroline MRSA —

Ampicillin (1/�
gentamicin)

Susceptible
VRE only

90% Enterococcus faecium are resistant.

Miscellaneous

Quinupristin/
dalfopristin

MRSA, VRE
(E faecium
only)

Salvage therapy only. Causes significant arthralgias/
myalgias.

Tigecycline CA-MRSA, VRE Black box for increased mortality. Hepatotoxic. Cross-
reactivity with tetracycline allergy.

Fosfomycin VRE (urine only) Limited data in complicated UTI. Must request
susceptibility testing.

Nitrofurantoin VRE (urine only) Contraindicated in CrCl <30 mL/min.

Abbreviations: CA-MRSA, community-associated MRSA; CPK, creatine phoshokinase; coags, coag-
ulation panel; CrCl, creatinine clearance; MIC, minimum inhibitory concentration; MRSA,
methicillin-resistant Staphylococcus aureus; UTI, urinary tract infection; VRE, vancomycin-
resistant Enterococci.

Adapted from Wiskirchen DE, Wu U, Summa M, et al. Inpatient antibiotic resistance: everyone’s
problem. J Fam Pract 2018;67(2):E11; with permission.

Morehead & Scarbrough474
and meningitis. Resistance of this bacteria to penicillin has grown to approximately
40%, with correlating resistance to macrolides, sulfonamides, tetracyclines, and earlier
cephalosporins.7 S pneumoniae resistance also has been seen with levofloxacin.7

The advent and utilization of pneumococcal conjugate vaccine (PCV)7 (2000–2009),
followed by PCV 13 (2010–today), has not only reduced pneumococcal infection and
invasive disease, but has decreased antibiotic resistance by blocking transmission of
resistant S pneumoniae strains.3 The CDC rates S pneumoniae as a serious threat
responsible for 1.2 million infections per year, but this organism bears close moni-
toring due to its wide range of pathogenicity.3

Clostridium difficile

C difficile, the gram-positive spore-forming, obligate anaerobe, is best known for
antibiotic-associated diarrhea, or C difficile colitis. The spores formed by C difficile
are highly environmentally tolerant, resisting heat, pH change, and alcohol-based
cleaners, making them difficult to eradicate without special cleaning protocols.7 C
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difficile is both community-acquired and hospital-acquired with a high rate of acquisi-
tion during prolonged hospitalizations approaching 50% for a 4-week hospital stay.7

Consequently, C difficile mortality is most prominent in the geriatric population, with
more than 90% of deaths occurring in patients older than 65.3

C difficile produces 2 toxins, an enterotoxin (toxin A) and a cytotoxin (toxin B) that
lead to the symptoms of colitis, as well as its life-threatening complications.7 The
CDC has designated C difficile as an urgent threat, the highest level, due to its ease
of acquisition, increasing incidence and mortality rates, and its expanding costs to
the health care sector, totaling more than $1,000,000,000 in excess medical costs.3

Resistance patterns with C difficile are fortunately rare. Thus, this antibiotic-driven,
disease-producer requires the judicious use and the elimination of unnecessary anti-
biotics. Multiple health care systems in the United States are developing antibiotic sur-
veillance systems to successfully reduce C difficile infection rates.2

EMERGING BACTERIAL THREATS: GRAM-NEGATIVE BACTERIA
Key Facts

� 30%: increase in carbapenem-resistant Acinetobacter baumannii strains from
1995 to 20047

� 30%: quinolone resistance rate for Enterobacter7

� 460,000: Neisseria gonorrhoeae infections in the United States per year7

� 15.5%: hospital-acquired infection incidence rate in developing countries7

� See Figs. 3 and 4

The advent and ease of global movement and travel has facilitated the spread of
MDR gram-negative bacteria. People carry their gastrointestinal flora with them,
exposing other populations around the world to their colonized and pathogenic
Fig. 3. Estimated annual number of cases in the United States: gram-negative antibiotic-resis-
tant bacteria. (Adapted from Centers for Disease Control and Prevention. Antibiotic resistance
threats in the United States. 2013. Available at: https://www.cdc.gov/drugresistance/threat-
report-2013/pdf/ar-threats-2013-508.pdf. Accessed January 10, 2018.)

https://www.cdc.gov/drugresistance/threat-report-2013/pdf/ar-threats-2013-508.pdf
https://www.cdc.gov/drugresistance/threat-report-2013/pdf/ar-threats-2013-508.pdf


Fig. 4. Estimated annual number of deaths in the United States: gram-negative antibiotic-
resistant bacteria. (Adapted from Centers for Disease Control and Prevention. Antibiotic resis-
tance threats in the United States. 2013. Available at: https://www.cdc.gov/drugresistance/
threat-report-2013/pdf/ar-threats-2013-508.pdf. Accessed January 10, 2018.)
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digestive contents.16 Of particular importance in these gastrointestinal transfers are
Escherichia coli and Klebsiella species, part of the Enterobacteriaceae group.3 These
bacteria have a highly fluid genome, mediated by plasmids that contain antibiotic
resistance and pathogenicity genes facilitating resistance from environment to ani-
mals and humans.16

Extended-Spectrum Beta-Lactamases

One of the most important resistance issues in the past 20 years relates to the rapidity
of emergence of extended-spectrum beta-lactamases (ESBLs), first noted in the late
1990s.16 The swift spread of ESBLs relates to many factors, including poor sanitation
and hygiene, as well as lack of clean drinking water in emerging contexts.16 However,
even high-quality sewage treatment does not fully remove antibiotic resistance-genes
producing E coli. Studies have revealed that in these circumstances, bacteria may still
be acquired by humans (and livestock) during water activities from clean river sour-
ces.16 Finally, the abundance of antibiotic use in the global contexts of agriculture,
fish farming, and livestock-raising breed concerns for further multiplication of the ef-
fect of ESBLs on disease and antibiotic resistance.

Enterobacteriaceae (Extended-Spectrum Beta-Lactamase and
Carbapenem-Resistant)

The 2 main threats in this category relate to E coli and Klebsiella species. These bacteria
are resistant to nearly all penicillins and cephalosporins, with the only remaining treat-
ment options being carbapenems.14 ESBL-producing Enterobacteriaceae account for
w19% of hospital-acquired E coli and Klebsiella species infections, with more than
twice the mortality of non-ESBL producers.15 ESBL-producing Enterobacteriaceae
are deemed a serious threat per the CDC.3 Drug-resistant E coli is especially concern-
ing, being the most common gram-negative bacterial infection in humans. ESBL and
non-ESBL strains have a high cross-resistance to fluoroquinolones (>80%) as well as

https://www.cdc.gov/drugresistance/threat-report-2013/pdf/ar-threats-2013-508.pdf
https://www.cdc.gov/drugresistance/threat-report-2013/pdf/ar-threats-2013-508.pdf
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aminoglycosides. E coli resistance patterns continue to expand with the acquisition of
carbapenemases, leading to carbapenem resistance (CRE) as well.7

As noted previously, the issue of increasing ESBL-producing bacteria leads to
expanding use of carbapenem antibiotics, a drug group of last resort.15 The escalation
of carbapenem usage has rapidly led to resistance in the Enterobacteriaceae organisms
noted as CRE in the literature.15 These infections, denoted as urgent threats per the
CDC, have become resistant to almost all antibiotics, with a >50%mortality for patients
who become bacteremic.3 Current potential treatments are noted in Table 4.
Table 4
Drug therapies for nosocomial resistant gram-negative infections

Medication Target Comments

Cephalosporins

Ceftazidime Some Pseudomonas spp Subject to inoculum effect with ESBL
producers. Dose requires renal adjustment.
Some infections require high-dose,
prolonged regimens.

Cefepime Pseudomonas spp

Carbapenems

Ertapenems ESBL-producing organisms Dose requires renal adjustment. Some
infections require high-dose, prolonged
regimens.

Imipenem/
cilastatin

ESBL-producing organisms,
ampC-producers,
Pseudomonas spp, some
Acinetobacter species

Merpenem
Doripenem

Beta-lactam/beta-lactam inhibitor combination

Ampicillin/
sulbactam

Acinetobacter baumannii Dose requires renal adjustment. May need >6 g
of sulbactam per day for some infections.

Piperacillin/
tazobactam

Pseudomonas spp Subject to inoculum effect with ESBL
producers. Dose requires renal adjustment.
Some infections require high-dose,
prolonged regimens.

Ceftolozane/
tazobactam

ESBL-producing organisms,
Pseudomonas spp

Dose requires renal adjustment.

Ceftolozane/
avibactam

ESBL-producing and KPC-
producing organisms,
Pseudomonas spp

Dose requires renal adjustment.

Aminoglycosides

Gentamicin ESBL-producing organisms,
CRE, Pseudomonas spp,
some Acinetobacter spp

Used as combination therapy. Ototoxic;
nephrotoxic. Dose requires renal
adjustment.

Tobramycin
Amikacin

Miscellaneous

Polymixins ESBL-producing organisms,
CRE, Pseudomonas spp,
some Acinetobacter spp

Nephrotoxic. Dose requires renal adjustment.
Reserve for MDR gram-negative infections.

Fosfomycin ESBL-producing organisms
and CRE (urine only)

Limited data in complicated UTI. Must request
susceptibility testing.

Tigecycline ESBL-producing organisms
and CRE (urine only)

Black box for increased mortality. Hepatotoxic.
Cross-reactivity with tetracycline allergy.

Abbreviations: CRE, carbapenem-resistant Enterobacteriaceae; ESBL, extended-spectrum beta-
lactamase; KPC, Klebsiella pneumoniae Carbapenemase; MDR, multidrug resistant; UTI, urinary
tract infection.

Adapted from Wiskirchen DE, Wu U, Summa M, et al. Inpatient antibiotic resistance: everyone’s
problem. J Fam Pract 2018;67(2):E11; with permission.
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Neisseria gonorrhoeae

Unlike most of its urgent threat (per CDC) counterparts, N gonorrhoeae is not a life-
threatening illness.3 Gonorrhea, once thought an easily treated sexually transmitted
disease (STD), has become a broadly resistant pathogen with some resistance to
almost all oral antibiotics, including beta-lactams, quinolones, tetracyclines, macro-
lides, and even ceftriaxone, the current mainstay of treatment (injectable cephalo-
sporin).7 The CDC now only recommends ceftriaxone plus azithromycin as first-line
treatment. Ceftriaxone plus doxycycline is only indicated in azithromycin allergic/intol-
erant patients and for proctitis/epididymitis caused byN gonorrhoeae.7 In all cases, an
increase in dose of ceftriaxone to 250 mg from 125 mg and the addition of second
agent in combination is a major departure in treatment guidelines. The rationale for
these changes is to (1) ensure clinical cure and (2) reduce development of resis-
tance.17,18 With resistance to ceftriaxone growing, efforts at controlling the spread
of this common STD pathogen will be hindered, resulting in an increase in reproductive
and genitourinary complications and further expansion of other STDs.15
Diarrheal Pathogens: Campylobacter, Salmonella, Shigella

The CDC places drug-resistant Campylobacter, Shigella, and Salmonella all in the
serious threat category for antibiotic resistance.3 The pathogenicity of Campylobacter
is most concerning for its association with development of Guillain-Barre syndrome in
1 of 1000 patients.19 These pathogens, apart from Salmonella typhi, have similar clin-
ical presentations, including diarrhea (sometimes bloody), fever, abdominal pain, and
a self-limited course in immune-competent persons. Mild-moderate gastrointestinal
illnesses with these agents should not be treated with antibiotics, left to resolve spon-
taneously usually within a 7-day time frame. Only severe or complicated infections
should prompt treatment with antibiotics.20

These diarrheal illnesses are similar epidemiologically and clinically, occurring via
contaminated food and water sources or through direct contact with feces or infected
animals. Of this group, non-typhoidal Salmonella (NTS) is the most common and
widely distributed with more than 1500 serotypes.10 The worldwide incidence of
NTS is growing with more than 1.2 million cases in the United States. MDR NTS has
been associated with a higher risk of invasive infection, greater frequency and duration
of hospitalization, and increased mortality compared with infections caused by sus-
ceptible strains.10 Five percent of NTS strains are deemedMDR, defined as resistance
to 5 or more drugs.3 Therefore, prevention by frequent handwashing, good hygiene,
and avoidance of contaminated sources, usually undercooked chicken and unpas-
teurized milk, is of paramount importance.3

The outlier of the diarrheal pathogen group is S typhi, the origin of typhoid fever, a
potentially life-threatening illness. Typhoid fever is characterized by high fever,
abdominal pain, severe headache, and relative bradycardia. In its severest form,
typhoid fever can lead to bowel perforation, peritonitis, shock, and death. Worldwide,
S typhi is responsible for more than 21 million infections.21 The CDC notes thatw67%
of all S typhi has at least partial resistance to ciprofloxacin, rendering quinolones un-
usable.21 Unlike the other drug-resistant diarrheal pathogens, there is a vaccination,
both oral and injectable, for S typhi.21

Among the drug-resistant diarrheal microbes, all are showing resistance to ciproflox-
acin and azithromycin, with both forms of Salmonella (NTS and S typhi) showing ceftri-
axone resistance as well.3,10,21 Overuse and inappropriate use of antibiotics for mild
infections and those encountered via other contaminated sources (animals, food, water)
are definitively causal in the antibiotic resistance noted in these diarrheal infections.
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Multidrug-Resistant Acinetobacter

MDR Acinetobacter, another gram-negative bacterium in the serious threat CDC cate-
gory, is a highly virulent source of pneumonia and bacteremia in hospitalized, critically ill
patients.3 Acinetobacter baumannii, the most common species, is especially prevalent
in mechanically ventilated patients.15 Unlike its highly resistant counterpart, Pseudo-
monas aeruginosa, whose resistance pattern has become more stabilized in the United
States, Acinetobacter resistance continues to rise.7 Additionally, death rates for MDR
Acinetobacter infection are also proportionately higher than Pseudomonas.7

Acinetobacter baumannii rapidly emerged in wounded soldiers during the Iraq war,
being dubbed “Iraqibacter” at that time. The ability of Acinetobacter to develop resis-
tance relates to its environmental resilience secondary to its thick walls, shielding it
from dry settings, extreme temperatures, and unstable pH conditions, explaining its
appearance onto the wartime landscape in Iraq.7,15 It is capable of survival for
many months in various locations, including inanimate objects, giving it a pronounced
pathogenic selective advantage.7

The CDC Antimicrobial Resistance Report found A baumannii to have a 63% MDR
rate. Some of its highest resistance is to both carbapenems and aminoglycosides,
defining this pathogen as one of the most difficult-to-treat health care–acquired infec-
tions.3 The resistance mechanisms of these organisms have 2 main modes: (1) efflux
pumps, promoting resistance to ammonia-based disinfectants, and (2) beta-
lactamases, including ESBLs and carbapenemases.7 These mechanisms, in conjunc-
tion with its naturally thick cell wall, have produced A baumannii strains with resistance
to all known antibiotics.7 MDR Acinetobacter has emerged so quickly and has become
so dangerous that hospital outbreaks have resulted in ward closures in efforts to reduce
further mortality.7 Appropriate and effective treatment for A baumannii is increasingly
difficult. For susceptible strains, carbapenems or quinolones can be used. In more
than 60% of resistant strains, meropenem plus polymyxin B is preferred.20

Multidrug-Resistant Pseudomonas

P aeruginosa is another lethal, opportunistic gram-negative pathogen. In many ways, it
appears to be the mentor of A baumannii in terms of natural and acquired resistance
patterns. P aeruginosa is a nosocomial infection with frequent occurrence in patients
in the intensive care unit and who are ventilator-dependent. It is the most common
lung infection in patients with cystic fibrosis, whose pseudomonal infections include
strains resistant to all antibiotics, save polymixins.7

P aeruginosa has been deemed a serious threat by the CDC, accounting for greater
than 50,000 infections per year andw8% of all hospital-acquired infections.3 Approx-
imately 13% of these infections are MDR. Resistance is generated through similar
mechanisms to A baumannii, including efflux pump systems, beta-lactamases
(ESBLs, metallo-beta-lactamases), and carbapenemases. Pseudomonas has innately
high environmental tolerance, an almost impenetrable outer membrane, and a high
propensity to form biofilms, further increasing its resistance to many antibiotics.7

Treatment of MDR P aeruginosa has followed the Infectious Diseases Society of
America (IDSA) 2016 guidelines, advocating combination therapy with 2 antibiotics
fromdifferent classes.15 This dual therapy is used per the IDSA for both empiric and spe-
cific therapy, involving suspected and identified pseudomonal infection. It is inferred per
the IDSA recommendations that combination treatment empirically for MDR strains will

� Increase the likelihood that at least 1 of the 2 drugs will be effective
� Decrease risk of resistant subpopulation selection
� Promote additive or synergistic antibacterial activity22
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Possible benefits of combined drugs for specific therapy may lead to the following:

� Faster reduction of bacterial load
� Less dependence on pharmacokinetic/pharmacodynamic optimization
� Decreased risk of resistance selection
� Potential reduction in mortality15

Despite IDSA assertions, other specialty groups remain conflicted on the efficacy of
dual treatment, high treatment cost, and undesirable toxic side effects and complica-
tions.22,23 Therefore, given the lack of definitive evidence, antibiotic selection should
be based on patient-specific factors, including site of infection, drug sensitivity
data, and local resistance patterns.

A CATEGORY UNTO ITSELF: TUBERCULOSIS

Mycobacterium tuberculosis is a highly aerobic, pathogenic bacterium that is the pri-
mary cause of tuberculosis (TB). Mycobacterium do not Gram stain.7 However,
because of the lack of an outer membrane in gram-negative bacteria, TB is often cate-
gorized as a gram-positive organism. The atypical cell wall of TB gives it inherent anti-
biotic resistance by protecting it from digestion via macrophages.7

It is estimated that one-third of the world’s population is infected with latent TB,
among the most common infectious diseases and causes of death.24 Consequently,
the development and spread of MDR-TB is considered one of the greatest obstacles
to disease control on a global scale. MDR-TB, by definition, is resistant to at least 2 of
the 3 drugs considered first-line combination therapy, isoniazid (INH) and rifampin.
Some TB strains develop further resistance to become XDR-TB, defined as MDR-
TB plus resistance to any fluoroquinolone and any of the injectable second-line drugs,
including amikacin, kanamycin, and capreomycin.7 Globally, 4% of new TB cases are
MDR-TB; 10% of MDR-TB cases are actually XDR-TB. XDR-TB has now been re-
ported in 92 countries, with Russia, India, and South Africa harboring the highest num-
ber of cases.24

The main contributors to TB resistance have been incorrect diagnoses and treat-
ment, poor patient compliance, unavailable/low-quality TB medications, or inappro-
priate duration/dosing of treatment or combination of drugs.10 The only means for
reduction in XDR-TB cases is to effectively treat the MDR-TB patient population.10

XDR-TB may require up to a 2-year course of antibiotics at a cost approaching
$500,000, without assurance of recovery.7,24,25 Thus, the need for new and effective
drugs in the TB armamentarium.

THE PROBLEM ADDRESSED

In May 2014, the World Health Assembly developed a global action plan due to an in-
ternational consensus that AMR posed a profound threat to human health.14 TheWHO
global report on surveillance of AMR provided a first-time picture of the magnitude of
the issue, the lack of adequate surveillance in many areas of the world, and large gaps
in information on bacteria of major public health importance.14 The WHO global action
plan sets out 5 strategic objectives:

1. To improve awareness and understanding of AMR
2. To strengthen knowledge through surveillance and research
3. To reduce the incidence of infection
4. To optimize the use of antimicrobial agents
5. To ensure sustainable investment in countering AMR8
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The WHO global action plan also provides the framework for individual national
action plans using an incremental approach over the next 5 to 10 years. The strategy
involves the following changes:

� Patients must be educated on the safe and appropriate use of antibiotics.8

� Health care workers must act as stewards of the dwindling effective antibiotic
supply.8

� In the realms of agricultural and veterinary medicine, development of antibiotic-
prescribing databases and new diagnostic and clinical decision tools will assist
with evidence-based dispensing to decrease inappropriate or unregulated use
of antimicrobial agents.8

� Political groups must be willing to adopt and enforce new policies controlling use
of antibiotics in humans, animals, and food production.8

� Developing countries will need financial and technical support to combat AMR.8

� The private-sector pharmaceutical industry must contribute by development of
new therapies.8

In the United States, the CDC has spearheaded the country’s specific action plan in
response to the WHO global action plan. The CDC’s 4 core actions include the
following:

� Preventing infections and the spread of resistance
� Tracking resistant bacteria
� Improving the use of current antibiotics
� Promoting the development of new antibiotics and diagnostic tests for resistant
bacteria3

The CDC has developed programs to prevent infection and the spread of resis-
tance, including the following:

� Get Smart Program: national campaign to improve antibiotic prescribing.3

� Contact Tracing: strategy that traces contacts of infected patients to ensure those
needing treatment, prophylaxis, or temporary isolation are identified andmanaged
appropriately, which is critical for tuberculosis, gonorrhea, and meningococcus.3

� Vaccination Guidelines and Education: S pneumoniae vaccine is proof that an
effective vaccine can reduce resistance rates. Conjugate pneumococcal vac-
cines, PCV7 introduced in 2000 followed by PCV13 (2010–present), with the
addition of serotype 19A, are responsible for cutting invasive pneumococcal
infection cases in half and reducing resistant infections by 25%.3

� Treatment Guidelines: guidelines are based on up-to-date resistance patterns to
limit progression and spread of resistant bacteria.3

� Promotion of Safe Sex: due to the challenges of drug-resistant N gonorrhoeae,
the CDC promotes abstinence, mutual monogamy, and condom use.3

Additionally, theCDChasseveralmeansof trackingantibacterial resistanceviavarious
entities, as outlined inTable 5. Coupledwith effective stewardship programsboth locally
and nationally, the goal of maximum benefit from antibiotics, avoidance of unnecessary
harm, and preservation of future life-saving potential of these drugs is achievable.
Moreover, these efforts have shown to improve outcomes and decrease costs.3
THE ETHICAL CHALLENGES OF ANTIBIOTIC RESISTANCE

Ethical concerns have come to the forefront of antibiotic resistance issues because of
the complexity of this challenge. Individual patient autonomy versus the rights of larger



Table 5
Centers for Disease Control and Prevention antibiotic resistance tracking networks

Tracking Networks Resistant Bacteria

EIP: Emerging Infections Program

ABCs: Active Bacterial Core surveillance Streptococcus pneumoniae
Groups A and B Streptococcus
MRSA

HAIC: Healthcare-Associated Infections-Community
Interface

Clostridium difficile
Carbapenem-R Enterobacteriaceae
MDR Acinetobacter

FoodNet: Foodborne Diseases Active
Surveillance Network

Salmonella
Campylobacter
Shigella

NARMS: National Antimicrobial Resistance
Monitoring System

Salmonella
Campylobacter
Shigella

NHSN: National Healthcare Safety Network Staphylococcus aureus
Enterococcus
Enterobacteriaceae
Acinetobacter
Pseudomonas aeruginosa

GISP: Gonococcal Isolate Surveillance Program Neisseria gonorrhoeae

NTSS: National Tuberculosis Surveillance System Mycobacterium tuberculosis

Abbreviations: MDR, multidrug-resistant; R, resistant.
Adapted from Center for Disease Control and Prevention. Antibiotic resistance threats in the United

States. 2013. Available at: https://www.cdc.gov/drugresistance/threat-report-2013/pdf/ar-threats-2013-
508.pdf. Accessed January 10, 2018.
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society remains a controversy surrounding mandatory reporting of infections.
Increasing costs and longer hospital stays needed to treat resistant forms of disease
pose further questions on personal autonomy versus health care rights and responsi-
bilities relating to dwindling resources.26

Another ethical challenge involves the use of antibiotics in veterinary medicine and
food industry practices. Half of the world’s total antibiotics are used in the veterinary
world. An open discussion of animal welfare standards in food production, where pro-
phylactic antibiotics are used to compensate for overcrowdedconditions, is essential.26

Finally, there are ethical uncertainties related to justice. The global burden of anti-
biotic resistance disproportionately affects low-income and middle-income countries.
Objective 5 of theWHO global action plan addresses this issue.8 More people die from
lack of access to high-quality antibiotics in low-income countries than die from anti-
biotic resistance in high-income countries.26 Therefore, success of the WHO plan
will require an ethical policy response toward resource-poor health care systems.
With increasing antibiotic resistance, a dwindling production pipeline, and a slug-

gish response to this global crisis on the world stage, the current question is whether
antibiotics should be classified as a nonrenewable resource on the same level as fossil
fuels.26 If so, then justice plays an even larger role in the allocation of this scarce
resource. Consequently, the goal of any plan to reduce antibiotic resistance also in-
cludes preserving the effectiveness of antibiotics via implementation of antibiotic
stewardship programs and rational prescribing guidelines. Future generations will
face similar, and potentially more complicated, struggles with an even greater need
for effective disease responses.26 Disease X is looming. Will we have a cure?27

https://www.cdc.gov/drugresistance/threat-report-2013/pdf/ar-threats-2013-508.pdf
https://www.cdc.gov/drugresistance/threat-report-2013/pdf/ar-threats-2013-508.pdf
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