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Foreword

JOHN BARTLETT

Professor Emeritus, Johns Hopkins University School of Medicine

Kucers’ encyclopedic report on the current status of virtually
all antimicrobial agents is testimony to the extraordinary,
un-ending progress in dealing with infectious diseases.
Nevertheless, with unexplored or incompletely pursued
opportunities, there are formidable challenges ahead. The
most obvious new challenges and opportunities are anti-
biotic resistance, expanded pursuit of antiviral agents, the
constant emergence of new infectious disease threats, and,
possibly, manipulation of the microbiome.

A great advantage of most antimicrobial agents is that
they are readily available, relatively inexpensive, usually short
course, and generally well-tolerated. These advantages are
also economic disincentives for new drug development. The
result is extensive abuse with progressive increases in resis-
tance rates of nearly all pathogens according to Mendelian
laws of survival. Antimicrobial resistance has now reached a
crisis stage with warnings for the “post-antibiotic era”. This
problem was predicted in the 2006 publication Bad Bugs,
Need Drugs (Talbot et al., 2006), but the concern was largely
ignored by the medical community until it was declared a
“crisis” a decade later by the CDC, WHO, and key world
leaders, including President Obama (Institute of Medicine
[US] Forum on Microbial Threats, 2010; Spellberg et al., 2008).
The response to this crisis has been impressive in terms of new
products for treatment of diverse infections, including those
caused by resistant pathogens. For example, the number of
new antibiotics approved by the FDA decreased to only one
in the four year period of 2008-2012. This has increased dra-
matically to 10 new antibiotics in the last 4 years! (Gould
and Bal, 2013). This progress has also included methods to
dissuade antibiotic abuse with improved diagnostics, multi-
ple evidence-based guidelines, new infection prevention
methods, and new products to help distinguish bacterial vs.
non-bacterial infections. In addition, the recent history of
anti-infective development has expanded in multiple direc-
tions (Carlet et al., 2014)

New agents that are recently FDA-approved or in late stage
development to improve current care options include those
active against resistant Gram-negative bacilli (ceftazidime/
avibactam [Mazuski et al., 2016], ceftolozane/tazobactam
[Popejoyet al., 2017]), S. aureus (tedizolid, dalbavancin
and oritavancin), and C.difficile infection (fidaxomicin,

bezlotoxumab, and cadazolid [Basséres et al, 2017]).
Furthermore, the pipe-line of additional new anti-bacterial
agents to address resistance is robust, including multiple
new polymyxins, meropenem/rpx7009, and plazomicin.
Omadacycline is a member of a new class of antibiotics
(Aminomethylcyclines) with an extraordinary spectrum
analogous to that of tigecycline against many antibiotic-
resistant bacteria (Pfaller et al., 2017), but despite this prom-
ise, it is premature to predict its future role in managing
infections.

The unexpected and incredibly successful interventions
to prevent and treat HIV infection have led to what is now
the remarkable possibility of near-cure for many patients
with HIV. Other viral pathogens that were once thought un-
treatable, but now have effective therapies available, include
influenza, CMV, RSV, Herpes simplex, H. zoster, hepatitis B,
and hepatitis C. This appears to be an ever-growing area of
new drug development—one that is reflected in the hugely
expanded antiviral section of this edition of Kucers’. Never-
theless, other viral infections have proven more difficult.
For instance, arborviral infections (Zika, dengue, chikagun-
gunya, and yellow fever) represent great threats in much of
the world, including the US, in part due to climate change
(Paules and Fauci, 2017). Although new antiviral agents are
being developed, experience suggests that mosquito control
and vaccines are likely to be most effective. The same applies
to Ebola viral infections that have been so devastating in
some regions of Africa and elsewhere.

A unique feature of the infectious disease field is the
constant discovery and emergence of new pathogens, each
representing a new challenge for detection, treatment, and
public health control. Examples in the past 30 years include
Staphylococcus toxic shock syndrome, AIDS, West Nile virus,
Lyme disease, HN, influenza, SARS, MERS-CoV, Legionella,
Clostridium difficile NAP-1 strain, anthrax (bioterrorism),
norovirus, iatrogenic fungal meningitis, cryptosporidiosis,
and, more recently, Candida aris, Ebola, and Zika virus.
Each of these was unexpected and each presented a need
for a response that usually included antimicrobial agents
and/or a vaccine. It would be fair to conclude that major
pathogen surprises are predictable, but the when, where, and
what, is not.

XXXI
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Also important is the relatively recent discovery of the
human microbiome, which consists of a large community
of uncultivable bacteria that populate virtually all exposed
human surfaces, including the oral cavity, gastrointestinal
tract, skin surface, and genital tract. The specific agents
include Actinobacteria, Bacteroides, Cyanobacteria, Firmi-
cutes, and Proteobacteria. In general, their role in health and
disease is poorly understood but in some circumstances
there appear to be associations with specific chronic condi-
tions including obesity, diabetes, the metabolic syndrome,
immunity, and some cancers (Marotz and Zarrinpar, 2016).
It is established that antibiotics and possibly probiotics may
alter the microbiome, but the utility of this work is in nascent
development. Of considerable interest in this context is the
recent progress in the use of fecal transplantation as a mech-
anism to alter the colonic flora (Allegretti et al., 2017), with
interesting studies in relapsing ulcerative colitis and ridding
colonic carriage of resistant bacteria, as well as multiple other
conditions now in treatment trials (Cohen and Maharshak,
2017).

Great challenges are posed by emerging antibiotic resis-
tance, the unpredictability of new microbial threats, and
the need for constant development and clinical use of new
weapons to respond to a diverse array of new issues. This is a
particularly critical time for an updated edition of Kucers’
Use of Antibiotics, the widely-used and authoritative encyclo-
pedia of key anti-infective agents.
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Foreword to the 6th Edition

ROBERT C. MOELLERING, JR.

While one generally thinks of antibacterial agents as unique
and important contributions to the battle against infectious
diseases in the 20th Century, our modern antimicrobial
agents are not the first effective drugs to be discovered and
used to treat human infections. Quinine (as an extract from
the bark of the cinchona tree initially found in the Andes)
was discovered and utilized as an effective antimalarial agent
by Europeans since the 17th Century (Snowden, 2006). It
played a major role in the colonial expansion of the European
powers thereafter and it, not Salvarsan, was really the first
“magic bullet” of antimicrobial chemotherapy. Moreover,
when one tracks back through history one finds that agents
with antibacterial activity such as copper salts, honey grease,
and myrrh were used for topical wound therapy (with no
understanding of the basis for wound sepsis, of course) dat-
ing back to the time of the ancient Egyptians in 2500 BC
and the Greeks and Romans thereafter (Majno, 1975). The
ancient Chinese employed mouldy soybean curd which likely
contained antimicrobial activity against wound pathogens as
well (Majno, 1975). Nonetheless the bulk of the effort to dis-
cover antimicrobials and to learn the mechanisms by which
they produce selective activity against microbes without
harming their human hosts is a unique contribution of the
20" Century, beginning with Paul Ehrlick’s discovery and
clinical application of Salvarsan in the first decade of this
century (Moellering, 1995). The flowering of research in
antibacterials reached its zenith in the 1980’ when many
new agents were brought to clinical use and some “experts”
including yours truly raised the possibility that the plethora
of such agents might overwhelm the clinicians trying to dis-
cover their appropriate use (Murray and Moellering, 1981).
However, these concerns have proven to be short lived and
totally incorrect. Since then there has been a steady decline
in the discovery and licensing of new antibacterial agents.
The reasons for this are legion, but among them are the fact
that most of the obvious bacterial targets for antimicrobials
have been discovered and exploited; the fact that the cost of
bringing new drugs to the market has skyrocketed; and the
fact that there are increasing regulatory hurdles in certain
countries including the United States (Talbot et al., 2006).
Add to this the fact that worldwide there is increasing resis-

tance to antimicrobial agents among key bacterial pathogens
and one has the basis for a looming crisis.

But all is far from bleak. The discovery and successful
application of antiviral chemotherapy is a particularly bright
spot. Fifty years ago it was thought that it would be virtually
impossible to develop antiviral agents with selective toxicity
because of the unique ability of viruses to invade and take
over replication of molecular processes in mammalian cells.
When the AIDS era began in the early 19807, this diagnosis
was a virtual death sentence. The remarkable basic virology
which led to a literal deconstruction and reconstruction of
the HIV virus allowed the discovery of numerous potential
points of attack and provided the basis for the discovery of a
panoply of new agents, many studied in well-designed pub-
licly funded trials that have demonstrated their efficacy in
HIV infections. Indeed, the present edition of this textbook
details 27 chapters on new antiviral agents directed at HIV.
The use of these drugs has now converted AIDS from a uni-
versally fatal disease to a chronic disease controlled for years
by effective antiviral agents and allowing a normal or near
normal lifespan for many of its victims. Similar if somewhat
less dramatic progress is being made in the discovery and
development of other antiviral agents as well as new anti-
fungal and antiparasitic agents which are well documented
in this textbook.

In an era when large textbooks are in danger of becoming
dinosaurs, Kucers’ “The Use of Antibiotics” stands out. It
brings together in 258 chapters and two large volumes a
compendium of information on antimicrobial agents which
is unmatched. A book which began as a single-authored tour
de force by Alvis Kucers has evolved into a multi-authored
therapeutic encyclopedia. The addition of antiparasitic agents
in this edition means that it now covers the whole of antimi-
crobial therapy. It maintains the clinical bent which made the
original Kucers texts so valuable for the physician dealing
with infections, and incorporates enough basic science to be
useful to microbiologists and researchers in the field as well.
I am unaware of any textbook which provides such compre-
hensive coverage of the field and doubt that this work will
be surpassed in the foreseeable future, if ever! My congrat-
ulations to Lindsay Grayson, his co-editors, and all of the
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authors of chapters in this remarkable contribution to the field
of antimicrobial therapy. It is a monumental achievement!
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Obituary

DR. ALVIS KUCERS
4/10/1933-15/2/2007

Dr Alvis Kucers, one of Australia’s leading infectious diseases physicians, whose
seminal textbook on the use of antibiotics became the cornerstone of clinicians’
libraries for more than 30 years, has died of disseminated melanoma. He was 73.

Born in Latvia, Kucers arrived in Melbourne from war-torn Europe in 1950,
aged 16 and unable to speak English. When introduced by the headmaster to his
new year 11 class at University High School, he was mistakenly announced to the
other students as planning to do medicine (in fact, he meant to say “law”, but got
the English words muddled). Two years later he graduated with honours and a
sporting award for soccer.

Despite the initial confusion in his career choices, he decided to study medicine
after all and graduated second in his year from Melbourne University in 1957. He
completed his residency at Royal Melbourne Hospital, then trained as a specialist
physician while working at Fairfield Hospital. Soon after he was appointed as a
junior clinician at Fairfield.

In 1968, the director, Dr John Forbes, encouraged Kucers to undertake a three-
month hospital-funded trip to the US; both men believed the US approach of
training infectious diseases physicians, rather than the European focus on training
clinical microbiologists, was likely to become important.

Kucers was impressed with the US approach but recognised some confusion
regarding how best to use the new antibiotics that were being rapidly developed at
that time. When he returned from his study tour in 1969, he wrote an antibiotic
booklet to assist trainee doctors in understanding how best to use these agents.

Forbes recognised the value of Kucers’ clear, practical writing style for practis-
ing clinicians and encouraged him to publish the first edition of Use of Antibiotics
in 1972.

Kucers regularly attended key international meetings, where he was highly
respected for his authoritative comments on practical issues relating to the use of
antibiotics. He was appointed to a number of World Health Organization commit-
tees to advise on antibiotic use in developing countries, and he helped develop the
current “Essential Drug List”—a key guide for national health departments.

Kucers updated his Use of Antibiotics through five editions (the last in 1997)
and made sure that all the contracts and details were signed off for the forthcom-
ing sixth edition. In writing Use of Antibiotics, he was an incredible taskmaster for
himself and others who worked with him. For those of us who had the great honor
of co-writing the fifth edition with him, he was tremendously supportive and
encouraging, while being totally dogged, self-disciplined and single-minded in his
insistence on consistency of style, format and meeting chapter deadlines.

The worldwide recognition achieved by Use of Antibiotics is a total credit to
Kucers.

In 1981, he took over as director of medical services at Fairfield Hospital follow-
ing the mass resignation of senior medical staff due to administration problems.
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His appointment calmed the many political tensions and the
following 10 years under his leadership became a key time
for the hospital as it took on a leading national role in man-
aging the emerging HIV-AIDS epidemic, assessing new anti-
HIV drugs and caring for the many infected patients who
were often suffering discrimination in other hospitals.

For Victorian public health, those were the glory years,
with the then chief health officer, Dr Graham Rouch, and
Kucers providing an impressive media tag-team; the public
was calmly informed of the important facts, and the steps
being put in place to manage the issue. Many Victorian
health ministers slept soundly at night because of the skill,
honesty and authority of these two men.

The early 1990s, however, were a more difficult period,
with the concerted and ultimately successful government
attempt to close Fairfield Hospital. To Kucers, Fairfield’s clo-
sure highlighted the lack of understanding about the hospi-
tal's importance to infectious diseases training and the public

health of Victorians. Generations of Melbourne and Monash
university medical students benefited from the infectious
diseases training they received from Kucers and other key
staff at Fairfield.

Kucers was a tremendous mentor for trainee infectious
diseases registrars, encouraging them to look beyond
Australia’s shores to widen their experience.

In recognition of his contribution to Australasian infec-
tious diseases, in 2002 he was made a life member of the
Australasian Society for Infectious Diseases.

He is survived by his longtime partner, Anne Smith, who
nursed him tirelessly in his difficult last months, his brother,
son and daughter.

The Age, Wednesday March 7, 2007

Professor M. Lindsay Grayson,
President, Australasian Society for Infectious Diseases



Hail the Greats

WILLIAM (BILL) A. CRAIG

1939-2015

Born in Arkansas City, Kansas, Bill Craig graduated from Haverford College, PA,
with a major in mathematics, and later a medical degree from Tufts Medical School,
MA, (1965) before entering the US Army during the Vietnam War. After complet-
ing a 3 year tour of duty in Germany he left the Army as a Major, receiving the
Army Commendation Medal. In 1970 Bill returned to the University of Wisconsin
to complete his residency and a fellowship in the newly emerging specialty of
infectious diseases. In 1973 he joined the UW faculty as a founding member of the
new infectious disease division and later served as Chief of Infectious Diseases and
Associate Chief of Staff for Education at the VA.

Bill was well known for his ability to combine both excellent laboratory work
and a deep understanding of the realities of clinical microbiology, infectious
diseases, and practical use of antibiotics. Bill's seminal work was on the pharma-
codynamics of antibiotics, a field that is now a cornerstone of new antibiotic
development and usage. He established key concepts such as the critical role of the
time during which the beta-lactam serum concentration remains above the MIC
and the importance of the AUC, /MIC ratio as the main driver for efficacy for
most other antibiotics; as well as the critical role of protein binding. These features
are now recognised as being essential in the assessment and optimization of usage
of all antibiotics and are now mandatory for registration of novel antibiotics by the
U.S. Food and Drug Administration, the European Medicines Agency, and most
other regulatory bodies. He was instrumental in founding the International Society
of Anti-Infective Pharmacology (ISAP), a group around which much of the science
of antimicrobial pharmacodynamics-pharmacokinetics has evolved. In this, he
showed a remarkable ability to share and guide, to the benefit of many people. He
was also an active editor for Antimicrobial Agents and Chemotherapy and a past
chairman of the program committee of the Interscience Conference on Anti-
microbial Agents and Chemotherapy (ICAAC), demonstrating his outstanding
commitment to optimizing the development and use of antibiotics and to main-
taining high-quality science. Bill will be dearly missed but his work lives on.
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JOSEPH (JOEP) LANGE
1954-2014

Joep studied at the University of Amsterdam where he gained his medical degree
in 1981 and his PhD in 1987. He served as Chief of Clinical Research and Drug
Development, Global Program on AIDS, World Health Organization (1992-1995)
and as President of the International AIDS Society, (2002-2004).

An infectious diseases physician, clinical virologist and researcher, he is re-
membered for his early work in HIV pathogenesis and his global contributions to
HIV medicine through his vision and leadership. These especially included early
pivotal clinical trials in combination antiretroviral therapy and studies to prevent
mother-to-child transmission, as the founder of PharmAccess (2001) for pioneer-
ing the provision of affordable health care and access to antiretroviral therapy
in Africa, and as the founder of the Amsterdam Institute for Global Health and
Development. He made the oft-quoted comment “If we can get cold coca-cola and
beer to every remote corner of Africa it should not be impossible to do the same with
drugs”. He was known and respected for his deep commitment to people with HIV
infection, his strong sense of equity and justice, his intellect, scholarship and
expertise, his advocacy and his compassion.

Joep and his partner and colleague Jaqueline van Tongerin died when Malaysia
Airlines flight MH17 was shot down by Russian-backed forces near Hrabove,
Ukraine, en route to the International AIDS Conference in Melbourne in 2014. He
is sadly missed by his friends and colleagues.

ALAN JON MAGILL

1953-2015

Alan Magill received his M.S. from University of Rhode Island (1978), and M.D.
from Baylor College of Medicine (1984) before joining the Army and working at
Walter Reed Army Medical Center in Washington, DC, where he specialized in
leishmaniasis and malaria research. He became Head of Parasitology at the U.S.
Navy’s Medical Research Center in Peru (1996-1999), and later worked at the U.S.
National Institutes of Health as head of clinical research for the malaria vaccine
development unit. After a further term as Science Director at Walter Reed, and
a posting at the Defense Advanced Research Projects Agency (DARPA) dealing
with bioterrorism, Alan joined the Bill & Melinda Gates Foundation (2012), where
he worked as Director of Malaria Programs, as well as on other critical health
issues, including Ebola.

Alan was a member of the ICAAC Program Committee, past President of
the International Society for Travel Medicine and penultimate President of the
American Society of Tropical Medicine and Hygiene. He often represented these
infectious disease, travel and tropical medicine communities at policy forums in
Washington DC.

Alan was passionate about the concept of malaria elimination and his com-
mitment was infectious and inspiring to all who worked with him. He managed
to excel in many diverse roles including ward attending physician, research and
development director, and global program leader. Alan’s last and perhaps greatest
accomplishment was to devise a global malaria elimination strategy for the Bill &
Melinda Gates Foundation ensuring that many of his ideas will carry on towards
the ultimate goal of malaria extinction. His untimely death from a heart attack,
shocked the international health community, but his legacy in focusing on key
parasitological infections lives on.
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ROBERT (BOB) C. MOELLERING, JR.
1936-2014

Born in Lafayette, Indiana, Bob Moellering received his medical degree from Har-
vard Medical School (1962) and trained at Massachusetts General Hospital, before
joining the MGH staff and HMS faculty. He was Shields Warren-Mallinckrodt
Professor of Medical Research at HMS and Chair of the Department of Medicine
at the Deaconess Hospital from 1981 until its merger with Beth Israel Hospital in
1996; and soon after became Physician-in-Chief and Chairman of the Department
of Medicine at Beth Israel Deaconess Medical Center (BIDMC).

Bob had broad interests in infectious diseases, antibiotic development, and
antibiotic resistance—and was especially adept at extracting clinical guidance from
studies on the interface of clinical microbiology and infectious diseases. He was
particularly interested in the Enterococcus and was the first to describe the mecha-
nism of bactericidal synergism between cell wall-active penicillin and ribosome-
targeting streptomycin against enterococci, a phenomenon whose clinical application
increased cure rates for enterococcal endocarditis from ~40% to greater than 80%.
He studied vancomycin and linezolid as new agents and analyzed the emergence
of resistance that followed their clinical use. Bob’s insights helped to shape the
development of numerous other antimicrobials.

Bob’s prominence within the field was acknowledged by a series of highly
prestigious awards, including the Garrod Medal from the British Society for
Antimicrobial Chemotherapy, the Feldman and Maxwell Finland Awards from the
Infectious Diseases Society of America (IDSA), the Hoechst-Roussel Award from
the American Academy of Microbiology, the Maxwell Finland Award for Scientific
Achievement from the National Foundation for Infectious Diseases, the Alexander
Fleming Award for Lifetime Achievement from IDSA, and the Yen Memorial Award
from the International Society for Chemotherapy. He served as President of IDSA
(1991), Chair of the ICAAC Program Committee (1980-82) and for 10 years was
Editor-in-Chief of Antimicrobial Agents and Chemotherapy, during which the
journal grew enormously in stature and influence. Bob was a great supporter of
“Kucers: The Use of Antibiotics”, writing the Foreword for the 6™ edition.

Perhaps Bob’s most enduring legacy will be the extraordinary impact he had on
the large number of trainees who were privileged to learn from him (including two
editors of this textbook). Who can forget his warm sense of humour, his humility
and his commitment to equality, meritocracy and social justice. He is sadly missed.

RAGNAR NORRBY

1943-2014

Ragnar Norrby received his medical degree and PhD at the University of Géteborg,
Sweden, and after a 2 year period at the research laboratories of Merck Sharp &
Dome in New Jersey, was appointed as Professor and Chairman of the Department
of Infectious Diseases at Umea University, and subsequently at the University
of Lund. In 2001 he was appointed Director General of the Swedish Institute for
Infectious Disease Control in Stockholm, a key government organization, which
led him to deal with many complex situations, including issues related to child-
hood vaccination, HIV infection and epidemic influenza. He placed special emphasis
on the control of antibiotic resistance and the introduction of population-based
vaccines for children. His calm and sensible responses to these situations were
always impeccable and a benchmark for others.

In addition to being an outstanding clinician, Ragnar had many research inter-
ests ranging from studies of Lyme disease in Sweden, clinical treatment trials,
pharmacokinetics of new antimicrobial agents, and studies of new vaccines. He
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held many important appointments including the Presidencies of the Swedish
Society of Medicine, the Swedish Society for Infectious Diseases, the European
Society for Clinical Microbiology and Infectious Diseases, the International
Society for (Antimicrobial) Chemotherapy and the Board of Trustees of the
International Vaccine Institute in Seoul, Korea. He combined a warm and gener-
ous personality with a determination to seek for excellence in every organization
that he was associated with. He was an outstanding co-editor of the 6" edition
of “Kucers: The Use of Antibiotics” and many features of his eloquent writing style
persist in chapters in the 7" edition of this text.

MARK WAINBERG

1945-2017

Professor Mark Wainberg, the highly-regarded, Canadian HIV researcher and
activist, drowned in rough waters when holidaying in Bal Harbour, Florida with
his family, on April 11, 2017. He was aged 71. Mark was Professor of Microbiology
and Immunology at McGill University and Director of the McGill University
AIDS Centre at the Montreal Jewish General Hospital.

Dr Wainberg was a Science undergraduate of McGill University Montreal
(1966) and obtained his PhD at Columbia University, New York (1972). One of his
many contributions to HIV research and patient care was his early co-discovery of
the antiretroviral activity of lamivudine, a drug that was a key component of early
combination regimens and one that has remained an important part of treatment
globally to this day. His pioneering work as a molecular virologist on antiretroviral
drug resistance, identifying critical mutations and the mechanisms that resulted
in resistance, underpinned recognition of the crucial need for combination anti-
retroviral therapy.

As President of the International AIDS Society and Co-Chair of the XVI
International AIDS Conference in Durban South Africa, his activism against the
denialist attitudes of South African president Thabo Mbeki heralded the global
push to provide access to antiretroviral drugs and care. Indeed Mark told Mbeki
that it was shameful he wasn't providing life-saving HIV drugs to the people of his
country. Later reflecting on his career Mark felt his political contributions out-
weighed his scientific discoveries.

Dr Wainberg’s numerous professional and civilian awards and honors included
Officer of the Order of Canada (2001), Officer of the National Order of Quebec,
and induction into the Canadian Medical Hall of Fame, a fellow of the Royal
Society of Canada and chevalier in the Légion d’Honneur of France.

Mark will be greatly missed not only personally and professionally, but also for
his humour (including love of Jewish jokes), his friendship, his fearlessness, and
his proclivity for fine wine. Over his career he has mentored a generation of sci-
entists, a legacy to the field. He has been described as a “giant of HIV science” by
Michel Sidibe, the executive director of UNAIDS and, indeed, Mark was larger
than life.




Preface

As with previous editions of this defining reference work,
this 7th edition begins with an inaccuracy. The title The Use
of Antibiotics should really be The Use of Antimicrobials, as
we have endeavored to describe the critical details and clini-
cal use of all available antimicrobials—antibiotics, antifungals,
and antiparasitic and antiviral agents. Since the last edition,
there has been massive growth in some areas, such as antivi-
ral agents, where the number of highly effective compounds
available to treat HIV and viral hepatitis has increased enor-
mously, as has the use of combinations of key drugs. For anti-
biotics, the development pipeline has unfortunately slowed
significantly, but new beta-lactamase inhibitors and some new
cephalosporins and their combinations have been important
additions. Similarly, there has been a growth in new anti-
tuberculous agents, as well as new quinolone and fluoro-
quinolone drugs. Nevertheless, the emergence and spread
of antimicrobial resistance (AMR) has increased dramati-
cally since the 6th edition of this textbook—thereby high-
lighting for clinicians the importance of better understanding
the drugs they are prescribing.

We have continued the standardized approach to each
drug that was introduced in the 6th edition, with the aim of
making information access easier for the busy clinician. This
is greatly aided by the electronic version that accompanies
the print edition, with its search functions, cross-referencing
among chapters, and hyperlinking to key references. Further-
more, unlike previous editions where we launched immedi-
ately into the details of key drugs, we have included a number
of introductory chapters to “set the scene”

Chapter 1 provides an overview of human antimicrobial
use, including the importance of key parameters, such as
pharmacokinetics/pharmacodynamics, in understanding a
drug’s likely efficacy. In addition, the growth in inappropriate
antimicrobial usage demands an increasing focus on good
“antimicrobial stewardship” to ensure that these indispens-
able compounds are used wisely. Infection control activities
to limit the spread of AMR are also an essential component
of any containment strategy. Since the vast majority of anti-
microbial use is now actually in agriculture/aquaculture
rather than in human medicine, we have included in Chapter
2 an overview of this paradox and tried to summarize the key

similarities and differences between the agents used in these
areas and those used to treat humans. In common with many
others, we consider a “One Health” approach to antimicro-
bial use to be a critical feature of any future strategies to con-
trol AMR. For clinicians reading this text, we hope this will
assist in understanding the interrelatedness of antimicrobial
usage, whether it is in humans, animals, agriculture, or aqua-
culture. There has probably never been a more important
time for adherence to the World Health Organization’s list of
“Critically important antimicrobials for human medicine”

The editorial team for the 7th edition has remained largely
unchanged, but with some notable additions. Sara Cosgrove
has taken over the beta-lactam and anti-tuberculosis sections,
following the death of Ragnar Norrby, while William Hope
has taken responsibility for the antifungal section. Many
thanks to Michael Pfaller for his role in the 6th edition and
ongoing authorship contributions in this edition.

Since the 6th edition, a number of key colleagues and con-
tributors to this text have died—in some cases, such as Joep
Lange and Mark Wainbergh, in totally unpredictable and
horrific circumstances. While for Bob Moellering, Ragnar
Norrby, Bill Craig, and Alan Magill nature sadly had its way.
These giants of antimicrobial development and use are recog-
nized in a new section “Hail the Greats” We trust our descrip-
tion of their contributions somehow captures the truth. For
each of the editors of this 7th edition this section was an
important addition, since we have all been deeply influenced
by their respective contributions to medicine and, in many
cases, to our individual careers.

In preparing the 7th edition, we were very aware of how
many have argued that traditional textbooks and reference
works are no longer necessary, given the growth of the inter-
net and the online search capabilities offered via PubMed
or Medline. It is our view, however, that there is now simply
so much information available that texts such as this are
uniquely placed to help collate these data and to make sense
of it all for the experienced and less experienced reader alike—
we hope we have achieved this.

Of course, the 7th edition would not be possible without
the hard work and commitment of the international cast
of distinguished authors, the eight section editors and the
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patience of staff at Taylor and Francis, including Jo Koster,
Amy Martin, and Kay Conerly, plus the production team led
by Barbara Chernow, including Carol Pierson, Candace Levy,
and Kathy Patterson.

For those of us who had the good fortune and honor
to train with Dr Alvis Kucers and to become his colleague
and friend, we hope we have been able to live up to the high
standards he always demanded—to focus on the important
clinical issues that relate to patient care, to balance the impor-
tant anecdote with the randomized double-blind trial, and to
describe the data in a way that is interesting and useful to
health professionals who treat patients.

Alvis Kucers was a very special person—we hope he
would be happy with the 7th Edition, which is again named
in his honor.

M. Lindsay Grayson, MD

Editor-in-Chief

Infectious Diseases and Microbiology Department,
Austin Health

Department of Medicine, University of Melbourne,

Melbourne, Australia



Abbreviations

3TC
5EC
5-FU
5-FUMP
5-HT,

6-APA
7-ACA

AAA
AAAAI

AAC

AAE
AAG
AAUCMB
ABC

ABC
ABCD
ABECB

ABLC
ABPA
ABS
ABSSSI

ACh
AchE
ACT
ACTH
ACV-MP
AD

ADH
ADI
ADP
ADR
ADV

AE
AECB
AECOPD

AGEP
Agr
AHES
AIDS
AIN

lamivudine

5-flucytosine/flucytosine

5-fluorouracil

5-fluoruridine monophosphate
serotonin 5-hydroxytryptamine (5-HT))
receptor agonists

6-aminopenicillinic acid
7-aminocephalos-poranic acid

abdominal aortic aneurysm

American Academy of Allergy, Asthma and
Immunology

aminoglycoside acetyltransferase
antibiotic-associated encephalopathy
alpha-acid glycoprotein

average area under the curve minus baseline

abacavir

ATP-binding cassette

amphotericin B colloidal dispersion
acute bacterial exacerbation of chronic
bronchitis

amphotericin B lipid complex

allergic bronchopulmonary aspergillosis
acute bacterial sinusitis

acute bacterial skin and soft structure
infection

acetylcholine

acetylcholinesterase

artemisinin-based combination therapy
adrenocorticotropic hormone

aciclovir monophosphate

Alzheimer disease

alcohol dehydrogenase

acceptable daily intake

adenosine diphosphate

adverse drug reaction

adefovir

adverse event

acute exacerbations of chronic bronchitis
acute exacerbation of chronic obstructive
pulmonary disease

acute generalized exanthematous pustulosis
accessory gene regulator

American Hospital Formulary Service
acquired immune deficiency syndrome
acute interstitial nephritis

AKI

ALP
alpha-APA
ALT

AM
AMB/AmB
AME

AMI

AML
AMOX
AMOX-C
AMP
AMP/S
AMR
AMS
ANC500
ANSORP

AOM
APC
AQP
ARC
ARC
ARDS
ARI
ARN
Arr
ART
AS-PCR
AST
ATP
ATS
ATV
AUC

BAC
BAL
BCG
BCRP
BHAP
BHIVA

acute kidney injury

alkaline phosphatase
alpha-anilinophenylacetamide
alanine aminotransferase

alveolar macrophage

amphotericin B deoxycholate
aminoglycoside-modifying enzyme
acute myocardial infarction

acute myelogenous leukemia
amoxicillin

amoxicillin-clavulanic acid
ampicillin

ampicillin-sulbactam

antimicrobial resistance
antimicrobial stewardship

absolute neutrophil count > 500/mm?
Asian Network for Surveillance of Resistant
Pathogens

acute otitis media
alkylphosphocholine
aquaglyceroporin

AIDS-related complex

augmented renal clearance

acute respiratory distress syndrome
acute respiratory infection

acute retinal necrosis
ADP-ribosyltransferase

antiretroviral treatment
allele-specific PCR

aspartate aminotransferase
adenosine triphosphate

American Thoracic Society
atazanavir
area-under-the-concentration-time curve
area-under-the-concentration-time curve
from 0 to 24 hours

Assessing Worldwide Antimicrobial
Resistance Evaluation

zidovudine

benzalkonium chloride
bronchial alveolar lavage
bacillus Calmette-Guérin
breast cancer resistance protein
bisheteroarylpiperazine

British HIV Association
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BHV

BI
BLBLI
BLNAR
BLNAS
BLPACR

BLPAR
BMD
BMI
BMT
BOACT

BORSA
BOS
BOTMO

BPAA
BrdU
BrinCDV
BSA
BSAC

BSI
BSO
BSS
BV
BVDU

CABG
CABP
cAMP
CA-MRSA
CAP
CAPD

CAR
CARA
cART
CAS
CAT
CAVH
CAVHD
CBP
CBP
CCSO
CCC
cccDNA
CCHF
CCPA
CCs

CD
CDAD
CDC
CDI
CDhV

bovine herpesvirus

bolus infusion

beta-lactam/beta-lactamase inhibitor
beta-lactamase negative, ampicillin resistant
beta-lactamase negative, ampicillin susceptible
beta-lactamase positive, ampicillin—
clavulanate resistant

beta-lactamase positive, ampicillin resistant
bone mineral density

body mass index

bone marrow transplant

bismuth, omeprazole, amoxicillin,
clarithromycin, tinidazole

borderline oxacillin-resistant S. aureus
bronchiolitis obliterans syndrome

bismuth, omeprazole, ofloxacin, tetracycline,
metronidazole

4-biphenyl-acetic acid

bromodeoxyuridine

brincidofovir

burned surface area

British Society for Antimicrobial
Chemotherapy

bloodstream infection

buthionine sulfoximine

balanced salt solution

bacterial vaginosis

bromovinyl deoxyuridine

coronary artery bypass graft
community-acquired bacterial pneumonia
cyclic adenosine monophosphate
community-acquired MRSA
community-acquired pneumonia
continuous (chronic) ambulatory peritoneal
dialysis

constitutive androstane receptor

Canadian Antimicrobial Resistance Alliance
combined antiretroviral treatment
Chemical Abstracts Service
chloramphenicol acetyltransferase
continuous arteriovenous hemodialysis
continuous arteriovenous hemodiafiltration
clinical breakpoint

chronic bacterial prostatitis

50% cytotoxicity concentration

chronic chagasic cardiomyopathy
covalently closed circular DNA
Crimean-Congo hemorrhagic fever

chronic cavitary pulmonary aspergillosis
clonal complexes

conventional dosing

Clostridium difficile-associated diarrhea
Centers for Disease Control and Prevention
Clostridium difficile infection

cidofovir

CE
CEC
CERT
cEVR
CF
CFU

CFR
CFT
CHB
CHD
ChE
CHMP

CHSS
CHV
CI

CI

CL
CLABSI
CL/F
CLM
CLSI
CLV
CM
CMAS
cmaITT
CMMG
CMS
CMV
CNS
CoNS
COLEP

COPD
CPE-RA
CPIS
CPK
CRBSI
CrCl
CRE
CRF

Crl

CRP
CRRT
CSF
cSSSI
CT
CTLs
cUTI
CV%
CVVH
CVVHD
CVVHDF

clinically evaluable (outcome)
contaminant of emerging concern
control-related effective regrowth time
complete early virological response

cystic fibrosis

colony forming unit
chloramphenicol-florfenicol resistance (cfr)
methyltransferase gene

cumulative fraction of response
complement fixation text

chronic hepatitis B

congenital heart disease

cholinesterase

EU Committee for Medicinal Products for
Human Use

chlorhexidine-silver sulfadiazine

caprine herpesvirus

confidence interval

continuous infusion

clearance

central line-related bloodstream infection
total body clearance

cutaneous larva migrans

Clinical and Laboratory Standards Institute
clevudine

cryptococcal meningitis

cyclopropane mycolic acid synthase

peak serum concentration

clinical modified intent-to-treat
9-carboxymethoxymethylguanine

colistin methanesulfonate
cytomegalovirus

central nervous system
coagulase-negative staphylococci

contact transmission and chemoprophylaxis in
leprosy

chronic obstructive pulmonary disease
cytopathic effect reduction assay

clinical pulmonary infection score
creatine phosphokinase

catheter-related bloodstream infection
creatinine clearance
carbapenem-resistant Enterobacteriaceae
chronic renal failure

credible interval

C-reactive protein

continuous renal replacement therapy
cerebrospinal fluid

complicated skin and skin structure infection
computed tomographic/tomography
cytotoxic T-lymphocytes

complicated urinary tract infection

mean steady-state C_

continuous venovenous hemofiltration
continuous venovenous hemodialysis
continuous venovenous hemodiafiltration



CVVHF
CXA-101
CYP

D4T
D5W
DAA
DAPY
DAVG,
DCL
dCPT
ddr
DDVP

DDT
DEC
DEXA
DFI
DFMO
dGTP
DHBV
DHFR
DHEFS
DHHS
DHP-1
DHPS
DHS
DILE
DILI
DMPC
DMPG
DMSO
dNTP
DOL
DOTS
DRESS

DRM
DRV
DST
DTG

EA
EAP
EARS-Net

EASC
EBA
EBV
EC
ECF
ECG
ECIL

ECMO
ECOFF

continuous venovenous hemofiltration
ceftolozane
cytochrome P-450

stavudine

5% dextrose injection

direct-acting antiviral
diarylpyrimidine

difference in average at week x

diffuse cutaneous leishmaniasis
deoxycytidine triphosphate
2’,3’-dideoxyinosine

dichlorvos (2,2-dichlorovinyl dimethyl
phosphate)
dichlorodiphenyltrichloroethane
diethylcarbamazine

dual-energy X-ray absorptiometry
diabetic foot infection
difluoromethylornithine
dideoxyadenosine triphosphate

duck hepatitis B virus

dihydrofolate reductase

dihydrofolate synthase

Department of Health and Human Services
dehydropeptidate-1

dihydropteroate synthetase

delayed hypersensitivity

drug-induced lupus erythematosus
drug-induced liver injury
l-a-dimyristoylphosphatidylcholine
l-a-dimyristoylphosphatidylglycerol
dimethyl sulfoxide
deoxyribonucleotide triphosphate
dolutegravir

Directly Observed Treatment, Short course
drug reaction with eosinophilia and systemic
symptoms

drug resistance mutation

darunavir

drug susceptibility testing

dolutegravir

essential agreement

Expanded Access Program

European Antimicrobial Resistance
Surveillance Network
extended-spectrum AmpC

early bactericidal activity

Epstein-Barr virus

effective concentration

extracellular fluid

electrocardiogram

European Conference for Infections in
Leukemia

extracorporeal membrane oxygenation
epidemiological cut-off

ECV
ED
EDD
EDTA
EEFIC

EF
EFA
EF-G
EFV
eGFR
EHV
EIR
ELF
EM
EMA
EMEA
ENL
EOT
EPO
EORTC

ERCP

ERDF
ERPF
ERS
ESBL
ESC
ESCMID

ESR
ESRD
ETEC
ETV
EUCAST

EV71

FAERS
FAS

FAS

FASII
fAUC
fAUC/MIC

FDA
FDC
FDE
FEV,
FFS
FGF
FHV
FICI
FIV
FLA

Abbreviations xlv

epidemiological cutoff values

medial effective dose

extended daily dialysis
ethylenediaminetetraacetic acid
epidemic European fusidic acid-resistant
impetigo clone

elongation factor

early fungicide activity

elongation factor G

efavirenz

estimated glomerular filtration rate
equine herpesvirus

extended intestinal release

epithelial lining fluid

extensive metabolizer

European Medicines Agency

European Medicines Agency

erythema nodosum leprosum

end of therapy; end of treatment
erythropoietin

European Organization for the Research and
Treatment of Cancer

endoscopic retrograde
cholangiopancreatography
efficacy-related discontinuation equals failure
effective renal plasma flow

European Respiratory Society
extended-spectrum beta-lactamase
extended-spectrum cephalosporin
European Society of Clinical Microbiology
and Infectious Diseases

erythrocyte sedimentation rate
end-stage renal disease

enterotoxigenic strain of E. coli

entecavir

European Committee on Antimicrobial
Susceptibility Testing

enterovirus 71

FDA Adverse Event Reporting System

fatty acid synthase

full analysis set

type II fatty acid dehydratase complex

free area under the concentration-time curve
ratio of the free area under the concentration-
time curve (f) over the MIC

(U.S.) Food and Drug Administration
fixed-dose (fixed-drug) combination
fixed-drug eruptions

forced expiratory volume in 1 second
film-forming solution

fibroblast growth factor

feline herpesvirus

fractional inhibitory concentration index
feline immunodeficiency virus

free-living amoeba
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F/M fetal/maternal

FOS foscarnet

FPD French Pharmacovigilance Database

FSH follicle-stimulating hormone

FTC emtricitabine

FTV fortovase

G-6-P glucose-6-phosphate

G6PD glucose-6-phosphate dehydrogenase

GABA gamma-aminobutyric acid

GABHS group A beta-hemolytic streptococcus

GAE granulomatous amoebic encephalitis

GAIN Generating Antibiotic Incentives Now (GAIN)
Act

GAS group A streptococcal

GBS group B streptococci

G-CSF granulocyte colony-stimulating factor

GCV GANCICLOVIR

GES Guiana extended-spectrum

GFP-RA green fluorescence reduction assay

GFR glomerular filtration rate

GGT gamma-glutamyltransferase

GI gastrointestinal

GIQ genotypic inhibitory quotient

GIS genotypic interpretation system

GISA glycopeptide-intermediate resistant
Staphylococcus aureus

GluCl glutamate-gated chloride channel

GLUT1 glucose transporter type 1

GM geometric mean

GM-CSF granulocyte-macrophage colony-stimulating
factor

GPCMV guinea pig cytomegalovirus

GPI glucose-6-phosphate isomerase

GRADE Grading of Recommendations, Assessment,
Development, and Evaluations

GRD glycopeptide resistance detection

GR-PAS gastro-resistant delayed-release granule
formation of the free base of PAS

GT genotype

GVHD graft-versus-host-disease

HA hemagglutinin

HAART highly active antiretroviral treatment

HABP hospital-associated bacterial pneumonia

HACEK bacteria  Haemophilus spp., Aggregatibacter spp.,
Cardiobacterium hominis, Eikenella corrodens,

Kingella spp.
HAI histology activity index
HAI hospital-acquired infection
HA-MRSA hospital-acquired MRSA
HAP hospital-acquired pneumonia
HAT human African trypanosomiasis
Hb hemoglobin
Hb, hemoglobin Alc
HBeAg hepatitis B e antigen

HBIg hepatitis B immunoglobulin

HbsAG
HBV
hCABP

HCAP
HCC
HCMV
HCT
HCV
HD
HDL
Hdos/Ldur
HDP
HE
HEE
Hep-2
hERG
HFS
HGA
hGISA

Hib

HIV

Hla

HLA
HLAR
HLGR
HLH
HME
HMG-CoA
hOAT
HOMA-IR

hPEPT-1
HPLC
HPLC-MS

HR
hsCRP
HSCT
HSIL
HSR
HSV
HTLV1
HUS
hVISA

HVS
TAI
IAP
TIARC

TIATCG

IBD
IBS

hepatitis B surface antigen

hepatitis B virus

hospital-treated community-acquired bacterial
pneumonia

healthcare-associated pneumonia
hepatocellular carcinoma

human cytomegalovirus

hematopoietic cell transplant

hepatitis C virus

high-dose

high-density lipoprotein
high-dosage/long-duration

host defense peptide

hepatic encephalopathy

human ewingii ehrlichiosis

human epithelial type 2 (cell)

human ether-a-go-go-related gene
hollow fiber system

human granulocytic anaplasmosis
heterogenous glycopeptide-intermediate
Staphylococcus aureus

Haemophilus influenzae type b

human immunodeficiency virus
alpha-hemolysin

human leukocyte antigen

high-level aminoglycoside-resistant
high-level gentamicin resistance
hemophagocytic lymphohistiocytosis
human monocytic ehrlichiosis
3-hydroxy-3-methylglutaryl-coenzyme A
human organic anion transporter
homeostasis model assessment insulin
resistance index

human intestinal peptide transporter 1
high-performance liquid chromatography
high-pressure liquid chromatography and
mass spectrometry

hazard ratio

high-sensitivity C-reactive protein
hematopoietic stem cell transplant
high-grade squamous intraepithelial lesion
hypersensitivity reaction

herpes simplex virus

human T-lymphotropic virus type 1
hemolytic uremic syndrome
heterogeneous vancomycin-intermediate
Staphylococcus aureus

herpesvirus saimiri

intraabdominal infection

intrapartum antimicrobial prophylaxis
International Agency for Research on
Cancer

International Antimicrobial Therapy
Cooperative Group

inflammatory bowel disease

irritable bowel syndrome



IBS-D

IC
IC,,

ICE-PCS

ICH
ICU
IDSA
IDV
1IE

1IE
IFI
IgG
IgM
IL
im.
IM
IMI
IMPDH
IND
INH
INR
INSTI
ip.
IPC
IPC
IPT
IPTi

IPTp

IQR
IRF
IRT

IS

ISG
ISHLT

1SO
ITT
U
iv.

KatG

KPC
KSHV

LAAM1
LABD
LAmB
LC-MS

LD
LDH
LDL

diarrhea-predominant irritable bowel
syndrome

invasive candidiasis

half-maximal inhibitory concentration
International Canada Endocarditis-
Prospective Cohort Study

International Conference on Harmonization
Intensive Care Unit

Infectious Diseases Society of America
indinavir

infective endocarditis

intermediate early (region)

invasive fungal infection
immunoglobulin G

immunoglobulin M

interleukin

intramuscular(ly)

infectious mononucleosis
imipenem-hydrolyzing

inosine monophosphate dehydrogenase
indinavir

isoniazid

international normalized ratio

integrase strand-transfer inhibitor
intraperitoneal

infection prevention and control

inositol phosphoceramide

isoniazid preventive therapy
intermittent preventive therapy of malaria in
infants

intermittent preventive therapy of malaria
during pregnancy

interquartile range

interferon regulatory factor
inhibitor-resistant TEM

insertion sequence
interferon-stimulated gene

International Society for Heart and Lung
Transplantation

International Organization for Standardization
intent to treat

international unit

intravenous(ly)

catalase peroxidase

inhibition constant

Klebsiella pneumoniae carbapenemase
Kaposi sarcoma-associated herpesvirus

levo-alpha acetylmethadol

laryngeal abductor paralysis
liposomal amphotericin B

liquid chromatography-tandem mass
spectrometry

lethal dose

lactate dehydrogenase

low-density lipid protein

LDos/Sdur
LF
LFT
LH
L-]
LMV
LPS
LPV
LRTI
LTBI
LTR

MA

MAC

MAC
MALDI
MALDI-TOF

MALT
MAO
MAOIs
MARS
MATE
MAX
MBBC
MBC
MBIC
MBL
MCMV
MDA
MDM
MDR
MDR-TB
ME
MEC
MEF
MELAS

MELD
MEC
MES
MGA
MGE
MHC
MHE
MHV
MIC
microlTT
mITT
ML
MLC
MLS
MLS,
MLST
MMAD
MMEF
MMP

Abbreviations xlvii

low-dosage/short-duration
lymphatic filariasis

liver function test
luteinizing hormone
Lowenstein-Jensen
lamivudine
lipopolysaccharide
lopinavir

lower respiratory tract infection
latent tuberculosis infection
long terminal repeat

meglumine antimoniate

multicenter AIDS cohort

Mycobacterium avium complex
matrix-assisted laser desorption-ionization
matrix-assisted laser desorption-ionization
time of flight mass spectroscopy
mucosa-associated lymphoid tissue
monoamine oxidase

monoamine oxidase inhibitors

molecular adsorbent recirculating system
multidrug and toxic compound extrusion
maximal concentration

minimum biofilm bactericidal concentration
minimal bactericidal concentration
minimum biofilm inhibitory concentration
metallo-beta-lactamase

murine cytomegalovirus

mass drug administration

minor determinant mixture
multidrug-resistant

multidrug-resistant tuberculosis
microbiologically evaluable (outcome)
minimum effective concentration

middle ear fluid

mitochondrial encephalomyopathy, lactic
acidosis, and stroke-like episodes (syndrome)
model for end-stage liver disease
minimum fungicidal concentrations

major facilitator superfamily

meglumine antimoniate

mobile genetic element

major histocompatability complex
minimal hepatic encephalopathy

murine gamma herpesvirus

minimum inhibitory concentration
microbiological intent-to-treat

modified intention to treat
mucocutaneous leishmaniasis

minimum lethal concentration
macrolide-lincosamide-streptogramin
macrolide-lincosamide-streptogramin B
multilocus sequence typing

mean mass aerodynamic diameter
mycophenolate mofetil

matrix metalloproteinase
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MODS

MPC
MPE
MPS
MPS
MRI
MRP
MRSA
MRSE

ms
MS
MSF
MSM
MSSA
MSSE

MSW
MTCT
MYSTIC

NA
NAAT
NAC
nACh
NAD
NADPH
NAG
NAI
NAL-R
NARTI

NAT2
NCEP
NDA
NDM-1
NEC
NECT
NFV
NMC
NMDA
NMP
NNRTI
NNT
NOAELSs
NOEL
NOTA
NPV
NRTI
NTM
NTPES

NTR
NVS

microscopic observation drug susceptibility
(assay)

mutant prevention concentration
maculopapular exanthems

mitochondrial protein synthesis
mononuclear phagocytic system

magnetic resonance imaging

multidrug resistance-related protein
methicillin-resistant Staphylococcus aureus
methicillin-resistant Staphylococcus
epidermidis

millisecond

mass spectrometry

Meédecins sans Frontieres

men who have sex with men
methicillin-susceptible Staphylococcus aureus
methicillin-susceptible Staphylococcus
epidermidis

mutant selection window

mother-to-child transmission

Meropenem Yearly Susceptibility Test
Information Collection

neuraminidase

nucleic acid amplification test
N-acetylcysteine

nicotinic acetylcholine

nicotinamide adenine dinucleotide
nicotinamide adenine dinucleotide phosphate
N-acetyl-glucosaminidase

neuraminidase inhibitor

resistance to nalidixic acid

nucleoside analog reverse transcriptase
inhibitor

N-acetyltransferase 2

National Cholesterol Education Program
New Drug Application

New Delhi metallo-beta-lactamase 1
necrotizing enterocolitis
nifurtimox-eflornithine combination therapy
nevirapine

nonmetallocarbapenemase

N-methyl p-aspartate

N-methylpyrrolidine

nonnucleoside reverse transcriptase inhibitor
number needed to treat

no observed adverse effect levels

no observed effect level

nonoperative treatment for acute appendicitis
negative predictive value

nucleoside reverse transcriptase inhibitor
nontuberculosis mycobacteria

National Typhoid and Paratyphoid Fever
Surveillance System

NADH-dependent type I nitroreductase
nutritionally variant streptococci

OAI
OATP
OBR

OBS

OCP

OCT
ODC

OI

OMP
OPAT
OP-MRSA
OR
OS-MRSA

OTC
ODI

PABA
PAE
PAFE
PAM
PAM

PAM
PAMZ

PAP
PAS
PA-SME
PBDE
PBMC
PBP

PC

PCP or PJP

PCR

PD

PD

PDA
PDIM
PDVF
PEG-IFN
PenS
PenNS
PEP
PEPFAR

PFGE
PFOR
Pfpmt

PGP
PI
PID
PK
PKC

osteoarticular infections

organic anion-transporting polypeptide
optimized background regimen
optimized background score

oral contraceptive pill

organic cation transport

ornithine decarboxylase

opportunistic infection

outer membrane protein

outpatient parenteral antibiotic therapy
other-phenotype MRSA

odds ratio

oxacillin-susceptible, methicillin-resistant
S. aureus

over-the-counter

optical density index

p-aminobenzoate; para-aminobenzoic acid
postantibiotic effect

postantifungal effect

primary amoebic meningoencephalitis
proton-pump inhibitor (PPI) + AMOX +
metronidazole

pulmonary alveolar macrophages
pyrazinamide with pretomanid and
moxifloxacin

population analysis profile
paraaminosalicylic acid

postantibiotic sub-MIC effect
polybrominated diphenyl ethers
peripheral blood mononuclear cells
penicillin-binding protein
phosphatidylcholine

Pneumocystis jirovecii (formerly P. carinii)
pneumonia

polymerase chain reaction

peritoneal dialysis

pharmacodynamic

progenitor-derived astrocyte
phthiocerol dimycocerosate
protocol-defined virologic failure
pegylated interferon
penicillin-susceptible
penicillin-nonsusceptible
postexposure prophylaxis

President’s Emergency Plan for AIDS
Research

pulsed-field gel electrophoresis
pyruvate:ferredoxin oxidoreductase

P. falciparum phosphoethanolamine
methyltransferase

p-glycoprotein

protease inhibitor

pelvic inflammatory disease
pharmacokinetic

protein kinase C



PKDL
PK-PD
PLEASE

PLGA
PM
PMA
PML
PMMA
PMN
PNP
PO
POR
PORT
PP
PPc
PPD
PPI
PPL
PPS
PPV
PR
PRC
PrEP
PROM
PRP
PRSP
PSA
PSGL-1
PSI
PSMas
PSSP
PT
PTA
PTC
PTE
PTLD
PTT
PTRE
PVL
PWID
PXR

QDST
QIDP
QOL
QRDR
QTc
QTcF

R

RAE
RAM
r/ATZ
RAV
RCMV

post kala-azar dermal leishmaniasis
pharmacokinetic-pharmacodynamic
Persistent Lyme Empiric Antibiotic Study
Europe

poly lactic-co-glycolic acid

poor metabolizer

postmenstrual age

progressive multifocal leukoencephalopathy
polymethylmethacrylate

human polymorphonuclear leukocyte
purine nucleoside phosphorylase

by mouth

pyruvate oxidoreductase

Pneumonia Outcomes Research Team
per protocol

clinical per-protocol

purified protein derivative

proton pump inhibitor
penicilloyl-polylysine

per-protocol analysis

positive predictive value

pegylated interferon and ribavirin
plaque-reducing concentration
preexposure prophylaxis

preterm rupture of the membranes
pentamidine resistance protein
penicillin-resistant Streptococcus pneumoniae
prostate-specific antigen

P-selectin ligand

pneumonia severity index

alpha-type phenol-soluble modulins
penicillin-susceptible S. pneumoniae
prothrombin time

probability of target attainment

peptidyl transferase center

post-therapy (post-treatment) evaluation
posttransplant lymphoproliferative disorders
partial thromboplastin time
post-treatment reactive encephalopathy
Panton-Valentine leukocidin

people who inject drugs

pregnane X receptor

quantitative drug sensitivity testing
qualified infectious disease product
quality of life

quinolone resistance-determining region
QT corrected

Fridericia’s corrected QT interval

resistant

reactive arsenical encephalopathy
resistance-associated mutation
ritonavir-boosted lopinavir
resistance-associated variant

rat cytomegalovirus

RCT
RD
RFEMP
RIA
RLS
RM score
RNA
RND
ROCM
ROM
ROS
RpsA
RPTEC
RPV
RR
RRDR
rRNA
RRP
RR-TB
RSV
rtPCR

RTV

S

SA
SAE
SAPS1I
SBA
SBECD
SBP

s.C.
SCAR
SCC
SCE
SCID
SCIO
SCr
S-CR
s.d.
SDD

SDD
SDRIFE

SE
SGOT
SGPT
SHE
SHEA

SHIV
SIBO
SIRS
SIV
SIS

Abbreviations xlix

randomized controlled trial
recommended dose

restriction fragment mass polymorphism
radioimmunoassays

restless leg syndrome

resistance mutation score

ribonucleic acid
resistance-nodulation-division
rhino-orbital-cerebral mucormycosis
rifampicin, ofloxacin, and minocycline
reactive oxygen species

ribosomal protein S1

renal proximal tubule epithelium cell
rilpivirine

risk ratio

rifampicin resistance-determining region
ribosomal ribonucleic acid

recurrent respiratory papillomatosis
rifampicin-resistant-TB

rhesus rhadinovirus

reverse transcription polymerase chain
reaction

ritonavir

susceptible

sialic acid

serious adverse event

Simplified Acute Physiology Score II
Serum bactericidal activity
sulfobutylether-p-cyclodextrin
spontaneous bacterial peritonitis
subcutaneously

severe cutaneous adverse reaction
staphylococcal cassette cartridge

sister chromatid exchange

severe combined immunodeficiency
Scoring Clinical Index for Onychomycosis
serum creatinine

serum creatinine

standard deviation

selective decontamination of the digestive
tract

susceptible dose dependent

symmetrical drug-related intertriginous and
flexural exanthema

squalene epoxidase

serum glutamic oxaloacetic transaminase
serum glutamic pyruvic transaminase
Syrian hamster embryonic (cells)

Society for Healthcare Epidemiology of
America

simian/human immunodeficiency virus
small intestinal bacterial overgrowth
systemic inflammatory response syndrome
simian immunodeficiency virus
Stevens-Johnson syndrome
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SLED
SLS
SME
SME
SMR
SNAEs
SNPs
SPC
SPE A
SPF
SQT
sQv
SS

SSD
SSG
SSP
SSPE
SSPH
SSRIs
SSSI
SSTIs
ST
STAR

STD
STI
STT
SUDD

SVR
SvVv

t‘/z
TAF
TAM
TB
TBSA
TBTC
TBW
TCVC
TDF
TDM
TdP
tds
TEAE
TEN
TEST
TFV
THF
THF
TIBO
TJD
TK
TKN
TLOVR

sustained low-efficiency dialysis
Sjogren-Larsson syndrome

Serratia marcescens enzyme

sub-MIC effect

small multidrug resistance

serous non-AIDS events

single nucleotide polymorphisms
summary of product characteristics
streptococcal pyrogenic exotoxin A
specific pathogen free

sequential therapy

saquinavir

steady state

silver sulfadiazine

sodium stibogluconate

sequence specific primer

subacute sclerosing panencephalitis
severe symptomatic postural hypotension
selective serotonin reuptake inhibitors
skin and skin structure infection

skin and soft tissue infections
serotype

Surveillance of Tedizolid Activity Resistance
(program)

sexually transmitted disease

sexually transmitted infection
standard triple therapy

symptomatic uncomplicated diverticular
disease

sustained virologic response

simian varicella virus

half-life

tenofovir alafenamide

thymidine analog mutation
tuberculosis

total body surface area

Tuberculosis Trials Consortium

total body weight

tunnelled central venous catheter
tenofovir disoproxil fumarate
therapeutic drug monitoring
torsades de pointes

total dissolved solids
treatment-emergent adverse event
toxic epidermal necrolysis
Tigecycline Evaluation and Surveillance Trial
tenofovir

tetrahydrofolic

tetrahydrofuran
tetrahydroimidazobenzodiazepinone
tendon/joint disorder

thymidine kinase

thymidine kinase-negative

time to loss of virologic response
mean time to peak plasma concentration

TMP-SMX
TNF
TNF-a
TOC

TPN
Tp-Te
TPV
TRDF

tRNA
TS
TSH
TSST-1
TURBP

TVT
™W

ucC
UDP
UFR
UGT
ULN
U-MDT
UMP
UPRT
URM
URTI
USP
uSSSI

UTI
uv

VABP
VAP

dss

VEGF
VIF
VGCV
VGS
VISA

VL
VL
VLM
VPA
VRE
VREF
VRSA

VvC
\VAY%

WBA

trimethoprim-sulfamethoxazole

tumor necrosis factor

tumor necrosis factor alpha

test of cure

total parenteral nutrition

transmural dispersion of polarization
tipranavir

treatment-related discontinuation equals
failure

transfer RNA

thymidylate synthase
thyroid-stimulating hormone

toxic shock syndrome toxin 1
transrectal ultrasound-guided biopsy of
prostate

tension-free vaginal tape

treatment week

ulcerative colitis

uridine diphosphate

ultrafiltration flow rate

uridine diphosphate-glucuronosyltransferase
upper limit of normal

uniform multidrug therapy

uridylate

uracil phosphoribosyltransferase
ultra-rapid metabolizer

upper respiratory tract infection
United States Pharmacopeia
uncomplicated skin and skin structure
infection

urinary tract infection

ultraviolet

ventilator-associated bacterial pneumonia
ventilator-associated pneumonia

volume of distribution

volume of distribution at steady state
vascular endothelial growth factor
volume of distribution

valganciclovir

viridans group streptococci
vancomycin-intermediate-resistant
Staphylococcus aureus

viral load

visceral leishmaniasis

visceral larva migrans

valproic acid

vancomycin-resistant enterococci
vancomycin-resistant E. faecium
vancomycin-resistant Staphylococcus aureus
volume of distribution at steady state
vulvovaginal candidiasis

varicella-zoster virus

whole blood activity
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WGS whole genome sequencing XDR extensively drug resistant
WHO World Health Organization XDR-TB extensively drug-resistant TB
WHV woodchuck hepatitis virus

Wnt wingless-related integration site ZDV zidovudine
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Principles of Antimicrobial Use

M. Lindsay Grayson, Sara E. Cosgrove, Suzanne M. Crowe, James S. McCarthy, William Hope,

John Mills, Johan W. Mouton, David L. Paterson

The emergence of antimicrobial resistance (AMR) and its
linkage to misuse of antimicrobial agents, highlights the
need to better understand the key features of their action and
use. These principles apply equally to human, animal, and
agricultural settings because it is clear that antimicrobial use
has increased dramatically in all sectors over the past decades
(WHO, 2012; WHO, 2015; Van Boeckel et al., 2014; Van
Boeckel et al., 2015; O’'Neill, 2016). This chapter will focus
primarily on human antimicrobial use, and nonhuman use
is discussed elsewhere (see Chapter 2, Use of Critically
Important Antimicrobials in Food Production).

The key principles of antimicrobial use include choosing
the correct drug for the indication, at the correct dose for the
individual conditions (site of infection, patient age and organ
[renal, hepatic] function, drug interactions) and for the
appropriate duration (based on site and severity of infec-
tion). Some national guidelines have expanded these princi-
ples to the simple acronym MIND ME (Table 1.1) (Antibiotic
Expert Group, 2014). However, this does not fully address all
the variables that should be considered when prescribing
antimicrobials, with issues such as prophylaxis vs. therapeu-
tic use and empiric vs. directed therapy also being important
(Antibiotic Expert Group, 2014). In fact, it is often a misun-
derstanding of these latter issues that is commonly associ-
ated with inappropriate prescribing and excess drug usage
(WHO, 2001; WHO, 2012; Pulcini et al. 2012; Davies, 2013;
Laxminarayan et al., 2013).

Improved knowledge regarding the key pharmacokinetic
(PK) and pharmacodynamic (PD) indices of antimicrobials
has made a significant difference to our understanding of
drug efficacy in various body sites and the potential to
develop resistance among key pathogens. This is particularly
true for antibiotics, antifungals and some antivirals for which
drug penetration into certain so-called sanctuary sites, such
as the brain, eye, prostate, and bone, is variable, depending
on the drug’s structure and the impact of the host inflam-
matory response on drug permeability (Antibiotic Expert
Group, 2014). Furthermore, improved understanding of a
drug’s key PK-PD features helps define the optimal means
of dosing. The obvious example is the aminoglycosides, for
which it is recognized that efficacy is associated with the
area-under-the-concentration-time curve (AUC) rather than
time above the minimum inhibitory concentration (MIC)
(time-dependent activity) and that this feature allows for
effective once-daily aminoglycoside therapy, while mini-
mizing renal- and ototoxicity. Similarly, beta-lactams are
increasingly being administered as a prolonged or continu-
ous infusion because their efficacy is time dependent. The
search for PK-PD relationships to reduce emergence of resis-
tance is still in its infancy, but it is increasingly evident that
the duration of treatment as well as suboptimal dosing are
correlated to emergence of resistance (Mouton et al., 2011).
However, a clear understanding of the PK-PD features for
many commonly used drugs, particularly older agents that

Table 1.1. Appropriate prescribing acronym MIND ME

M Microbiology guides therapy wherever possible.

Indications should be evidence based.

|
N Narrowest spectrum therapy preferred.
D

Dosage individualized to the patient and appropriate to the site and type of infection.

M Minimize duration of therapy.

E Ensure oral therapy is used when clinically appropriate.

Source: Modified from Antibiotic Expert Group (2014), with permission.
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Table 1.2. PK/PD indices of various drug classes®

PK-PD index (comment)

Time-dependent
activity

Concentration-dependent activity

Antimicrobial class Time above MIC AUC

Antibiotics All beta-lactams

Anti-TB agents Thiacetazone

Streptomycin/
kanamycin (similar
to other
aminoglycosides)

Antifungals

Antiparasitic drugs Atovaquone (some
uncertainty)

Nifurtimox (some
uncertainty)

Lumefantrine (?

halofantrine)

AUC/MIC ratio
Aminoglycosides
Vancomycin/teicoplanin
Daptomycin (or C__/MIC)
Fluoroquinolones
Macrolides
Metronidazole/tinidazole
Telavancin/dalbavancin/
oritavancin
Minocycline
Tigecycline
Polymyxin/colistin (uncertainty
depending on pathogen)

Isoniazid
Rifampicin (or C__/MIC)

max’

Ethambutol (or C__ /MIC)

Triazoles

Echinocandins (or C__/MIC)
Spiramycin (some uncertainty)

Uncertain

Tetracyclines/doxycycline
Trimethoprim

Sulfonamides (possibly T > MIC)
Fusidic acid

Fosfomycin

Chloramphenicol

Methenamine

Nitrofurantoin

Lincomycin/clindamycin

Linezolid (both T > MIC and
AUC/MIC have correlated in
various studies)

Quinupristin—Dalfopristin

Pyrazinamide

Rifaximin

Rifapentine (probably similar to
rifampicin)

Paraaminosalicylic acid (PAS)

Ethionamide/prothionamide

Capreomycin

Cycloserine

Polyenes (Amphotericin) (possibly
C,./AUC)

Flucytosine

Chloroquine
Quinine
Mefloquine

Primaquine

Piperaquine

Proguanil/chlorproguanil

Artemisinins

Nitazoxanide

Paromomycin

Suramin/eflornithine/melarsoprol

Ivermectin

Praziquantel

Albendazole/mebendazole/
thiabendazole

Miltefosine.

Pentamidine

2Antiviral agents not included due to limited data.

Abbreviations: AUC/MIC, ratio of the area-under-the-concentration-time curve divided by the MIC of the target pathogen; C__ /MIC, ratio of the maximum
serum drug concentration divided by the MIC of the target pathogen; PK-PD, pharmacokinetic-pharmacodynamic; T > MIC, time above MIC.



are no longer under patent protection, remains less well
defined—doxycycline, fosfomycin, and artesunate being some
notable examples (Muller et al., 2015). In comparison, many
of the newer antibiotics and some antiretroviral and antihep-
atitis drugs are better understood because it was recognized
early in their development that this issue was important for
drug efficacy and tolerability (Gunthard et al., 2016; Smolders
et al., 2016; Raffe and Fisher, 2015; Stockmann et al., 2015;
Pau and George, 2014; Barreiro et al., 2014; de Kanter et al.,
2014; Carpenter et al., 2000). A summary of the PK-PD indi-
ces of various drug classes is shown in Table 1.2.

The emergence of drug resistance is a natural evolution-
ary function of most microbes but is aided by exposure to
sublethal drug concentrations. Thus a drug’s PK-PD indices
are important for defining optimal dosing, but these can
become irrelevant if there is poor patient adherence to the
prescribed dosing regimen or when there is frequent inad-
vertent clumsy subtherapeutic drug administration, as is
found in some agricultural sectors such as food animals and
aquaculture. For humans, the practicality of a drug’s dosing
(e.g. once or twice daily) and its tolerability are critical fea-
tures to ensure adherence and hence avoidance of emergence
of resistance. A key example is the requirement for strict dos-
ing adherence (= 97%) for antiretroviral agents if resistance
is to be avoided (Giinthard et al., 2016; Carpenter et al,
2000). Yet human factors such as forgetfulness, social isola-
tion/depression, undereducation, ill-health, and chaotic life-
styles challenge clinicians to employ the simplest practical
regimens that maximize adherence, even if it may be at the
price of some perceived efficacy advantage (Carpenter et al.,

Broad-spectrum penicillins g I IPPPIPPPPPP PP IIPD
Cephalosporins ///////////////A

Polymyxins

Principles of Antimicrobial Use 5

2000; Nathanson et al., 2010; Laxminarayan, 2014). Some
diseases such as tuberculosis (TB), particularly multidrug
resistant (MDR) and extensively drug resistant (XDR) strains,
which require complex, multidosing regimens to achieve any
chance of cure, are therefore innately difficult to treat effec-
tively and encourage researchers to improve drug formula-
tions to minimize pill burden. Furthermore, the structure of
drug treatment programs, as well as their establishment and
maintenance, becomes critical for diseases such as TB and
HIV infection, especially in underresourced countries where
the disease burden is also often high (Nathanson et al., 2010;
Schaecher , 2013; Brennan et al., 2014; Laxminarayan, 2014).
Critical features of appropriate antimicrobial availability and
delivery have been reviewed by the WHO and others (WHO,
2001; WHO, 2012; WHO, 2015; Davies, 2013; Laxminarayan
et al., 2016a; Laxminarayan et al., 2016b; O'Neill, 2016).
Thus the importance and need for good so-called anti-
microbial stewardship (AMS) has never been greater, both
for human and nonhuman use, particularly for antibiotics and
antifungal agents. In human health, there remains a paradox
between poorer nations, where there is inadequate availabil-
ity to quality antimicrobials, and other regions, where there
is ready access to inexpensive (some would argue, too cheap)
antibiotics, such that there is gross inappropriate overusage
(Laxminarayan, 2014; Van Boeckel et al., 2014; Laxminar-
ayan et al., 2013; Gelband et al., 2015; Laxminarayan et al.,
2016a; Laxminarayan et al., 2016b; see Figure 1.1). For many
nations, the establishment of AMS programs, to improve
both in-hospital and community-based antibiotic prescrib-
ing has therefore become a key priority. However, changing

2000
I 2010

T
0 0.5X1010

T T T 1
1.0X1010 1.5X1010 2.0X1010 2.5X1010

Standard units (log)

Figure 1.1. Estimates of global antibiotic consumption by class in 2000 and 2010. From Van Boeckel et al. (2014), with

permission.
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human behavior (both the prescriber and the patient) can al., 2011; Gerber et al., 2014; Spellberg et al., 2016; Fleming-

be difficult and often takes time, not to mention political Dutra et al., 2016; Barlam et al., 2016; Schuts et al., 2016; see
commitment. Nevertheless, an improved understanding of Table 1.3).

what features are important in effective AMS programs has Concerning, however, is the current rapid pace of emerg-
evolved (Cosgrove et al., 2014; Nussenblatt et al., 2013; File et ing AMR both in terms of the rise of new resistant clones and

Table 1.3. Summary of the characteristics and efficacy of selected antimicrobial stewardship (AMS) strategies

Antimicrobial stewardship activity

Intervention factors Preprescription approval

Advantages Reduces initiation of unnecessary and
inappropriate antibiotics
Optimizes empiric choices and
influences subsequent use

Prompts review of clinical data and
previous cultures at time of initiation
of therapy

Direct control over antibiotic use

Provides mechanism for rapid
response to antibiotic shortages
Potentially decreases antibiotic costs,
especially high-cost agents (e.g.

antifungals)

Disadvantages Impacts on use of restricted agents
only
Potential loss of prescriber autonomy
Affects initial empiric use more than
downstream use

May delay therapy

Effectiveness depends on skill of
approver
Real-time resource intensive

Potential for manipulation of system
(e.g. presenting request in a biased
manner to gain approval)

May cause prescribers simply to shift
to other antibiotic agents and select
for different antibiotic resistance

Barriers to Resource-intensive, requiring an AMS
implementation specialist to be on-call

Limited effect on cessation of
inappropriate antibiotic use and
therefore limited impact on adverse
impact of prolonged therapy

Postprescription review and feedback Clinical practice guidelines

Can increase visibility of AMS program Institution specific
and build collegial relationships

More clinical data available for Often well received by other
recommendations, potentially providers
enhancing uptake by prescribers

Can be undertaken less frequently
(e.g. nondaily) if resources are
limited

Greater flexibility in timing of
recommendations

Can address deescalation of antibiotics
and duration of therapy

Prescriber autonomy maintained

Provides educational benefit to
clinicians
Compliance voluntary Dissemination of knowledge does
not guarantee behavior change
Typically labor-intensive
Success depends on delivery method
of feedback to prescribers
Prescribers may be reluctant to
change therapy if patient is doing
well on current therapy
May take longer to achieve reductions
in targeted antibiotic use
Interventions may require information
technology support and/or
purchase of computerized surveil-
lance systems

Labor-intensive, requiring stewardship ~ Time intensive to develop
specialists to review antibiotic

regimens

Stewardship may not have the Limited evidence-base for some
authority to make changes to treatment indications may
ordered antibiotics undermine guideline authority

Source: Adapted from Barlam et al. (2016).
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Figure 1.2. New systemic antibacterial agents approved by the US Food and Drug Administration in 5-year periods, through

2012. From Boucher et al. (2013), with permission.

the spread of existing clones. This change has led one leading
health authority to liken the future impact of AMR on soci-
ety to that of terrorism (Davies, 2013). Unlike antiviral drug
development, where there have been major recent discover-
ies and new drug development, the development of new anti-
biotic classes has near stalled, with few major solutions in
sight (Bouchier et al. 2014; see Figure 1.2). It is in this context
that the WHO and other key authorities have reemphasized
the need to focus on key infection prevention and control
(IPC) practices, not just to prevent hospital-acquired infec-
tions (HAIs) but also as a means of controlling the spread
of AMR (Davies, 2013; WHO, 2015; White House, 2015;
Australian Government, 2015; O’Neill, 2016). Reinvestment
in national IPC programs was a recent World Health

Assembly resolution, and AMR was the subject of a UN
General Assembly High-Level Meeting of Heads of State in
2016 (WHO, 2015; Laxminarayan et al., 2016a). National
programs to improve healthcare worker hand hygiene com-
pliance, hospital cleaning, management of invasive devices,
and other IPC activities have been clearly shown to reduce
the risk of AMR (Pittet et al., 2000; Grayson et al., 2008;
Grayson et al., 2011; Mitchell et al., 2014; Davies, 2013;
WHO, 2015; White House, 2015; Australian Government,
2015; O’Neill, 2016; see Figure 1.3), but they generally require
effective central coordination and maintenance to sustain
behavioral change in a hospital environment where through-
put parameters are often prioritized ahead of quality and
safety metrics.

2.0 Yearly incidence of HO-SAB-All hospitals

1.8+

1.6

1.4+

1.2+

1.0

0.8

0.6 1

Incidence per 10,000 patient-days

0.4+

0.2+

—— SAB

2002 ' 2003 ' 2004 ' 2005 ' 2006 ' 2007 ' 2008 ' 2009 ' 2010 ' 2011 ' 2012 ' 2013

Figure 1.3. Reduction in Australian national rates of hospital-onset staphylococcal bacteriemia associated with national
interventions, including introduction of national hand hygiene initiative and other infection prevention and control programs.

(Reprinted with permission from Mitchell et al., 2014)



8 Principles of Antimicrobial Use

CONCLUSION

Almost all of the world’s key antimicrobials have been devel-
oped in the past 80 years, roughly one human lifetime, yet
their current misuse is a key factor in the emergence of resis-
tance and their potential loss of efficacy. There has never
been a more important time to understand the key features
of these compounds, how to use (or not use) them effectively,
and how to preserve their value for future generations.
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Use of Critically Important
Antimicrobials in Food

Production

Peter Collignon

BACKGROUND

Most genes encoding resistance are complex—they are usu-
ally not just newly developed mutations in bacteria, occurring
when people or animals receive antibiotic therapy. Resistance
is mostly encoded by resistant genes that are already carried
by bacteria in the environment, humans or animals, with the
genes then acquired by other bacteria (Davies and Davies,
2010; D’Costa et al., 2011; Aminov, 2009; Finley et al., 2013).
Most resistance genes have been in the environment for very
long periods, well before antibiotics were developed for med-
ical purposes, some potentially for billions of years (Davies
and Davies, 2010; D’Costa et al., 2011; Aminov, 2009; Finley
et al., 2013). Wild animals that have never been exposed to
antibiotics carry resistant bacteria (but at low levels), as do
people who died in the preantibiotic era and those currently
living in very remote regions, such as the Amazon (Shirley et
al., 2000; Clemente et al., 2015).

The One Health concept is important for efforts to better
understand, manage, and control antibiotic resistance. All
sectors (agriculture, the human health sector, and the envi-
ronment) are part of One Health. Bacteria, fungi, viruses,
and resistance genes readily spread among sectors. What we
do in one sector that increases the numbers of resistant
microorganisms, or helps their spread, will almost certainly
have effects in other sectors (Edo et al., 2015; ECDC, 2012;
Collignon, 2013a). Water is frequently contaminated with
large numbers of resistant bacteria and their resistance genes,
by fecal contamination from both people (poor sanitation)
and animal manure. This contaminated water then recircu-
lates to people and food animals given antibiotics, which then
allows even more resistance to develop and spread (Col-
lignon, 2013b; Walsh et al., 2011; Larson, 2015; Xi et al.,
2009; Graham et al., 2014).

Over the last decades, as economic development and per
capita incomes have increased in most developing countries,
there have also been major increases in livestock and meat
production and consumption (FAOSTAT, 2015; Van Boeckel
et al., 2015). This is likely to continue, especially for poultry
and pork. China alone produces and consumes roughly half
the earth’s pigs, about 500 million annually (FAOSTAT, 2015;
Van Boeckel et al., 2015; Collignon and Voss, 2015; Krish-
nasamy et al., 2015; Zhang et al., 2015). An unfortunate con-
sequence of this increased meat production has been the
increased use of antibiotics in food animals and the adoption
of potentially poor intensive farming practices. Recent
modeling suggests that between 2010 and 2030, the global
consumption of antimicrobials in agriculture will increase by
67%, from 63,000 tons to 105,000 tons per year. For Brazil,
Russia, India, China and South Africa, the estimated increase
in antimicrobial consumption is 99%. This is up to seven times
higher than the projected human population growth in these
countries (Van Boeckel et al., 2015).

ANTIBIOTIC USAGE IN MEAT
PRODUCTION AND ITS IMPACT
ON HUMAN HEALTH

Antimicrobials are used for at least three main reasons in
food animals (JETACAR, 1999; Mevius and Heederik, 2014;
Aarestrup et al., 2008):

Therapeutic use: administration is to individual animals or
groups of animals for treatment when there is evidence
or suspicion of an infection.

Prophylaxis: administration is to healthy animals that are
believed to be at risk of developing an infection but when
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none (or few) have actual evidence of infection. Often this
involves mass medication of large numbers of animals
at the same time (e.g. an entire herd), a situation termed
metaphylaxis. In some instances, such antibiotics are
added to feed or water at low concentrations, a situation
analogous to what often occurs with use for growth
promotion.

Growth promotion: antibiotics are added to feed or water,
usually at low concentrations, to increase growth rates
or increase the efficiency of feed conversion into animal
mass.

It is likely that much more than half of the total volume of
antibiotics used in the world, are given to food animals (Van
Boeckel et al., 2015; JETACAR, 1999; FDA, 2014; FDA, 2012;
CIPARS, 2013; DANMAP, 2014; EFSA and ECDC, 2015;
ECDC et al., 2015; UCUSA, 2004). The majority of use is for
growth promotion and as mass prophylaxis, areas in which
there is little current evidence for any major ongoing eco-
nomic benefit for farmers or health benefits for food animals.
The antibiotics are added to feed or water and are often given
for the entire life of the food animals. This usage does not
appear to help malnourished people achieve better protein
intake (Collignon et al, 2005).

Despite its importance, data regarding agricultural anti-
biotic usage remain limited. In the United States, Australia,
Canada, Denmark, and other countries where some data
are available on antibiotic usage, the proportion used in
food animals may be as high as 80% of total volumes used
(JETACAR, 1999; FDA, 2014; FDA, 2012; CIPARS, 2013;
DANMARP, 2014; EFSA and ECDC, 2015; ECDC et al., 2015).
Estimates from developing countries are more difficult to
obtain, but in China it appears that over half of all antibiotics
used are in food animals. Usage volumes in humans and ani-
mals also appear to be much higher than in developed coun-
tries. This is likely to be similar to what happens in other
rapidly developing countries with large populations, such
as India, Vietnam, and Brazil. Usage in food animals is likely
to escalate rapidly in the next decades and at a much more
rapid rate than antimicrobial usage in people (Van Boeckel et
al., 2015; Collignon and Voss, 2015; Krishnasamy et al., 2015;
Zhang et al., 2015).

Many classes of antibiotics used in food animals are the
same as used in people. This includes groups classified as
“critically important” for human use by the WHO (WHO,
2011; WHO, 2013; Collignon et al., 2009). Although many
antibiotics can be the same as those used in humans (e.g.
ampicillin), others are in the same class but are not used in
people. These agents often have unfamiliar names to medical
workers but nevertheless are from similar drug classes as
agents used in human health. For example, ceftiofur is a
commonly used third-generation cephalosporin in animal
production but in fact is very similar to ceftriaxone (see
Chapter 27, Ceftriaxone). Similarly, tylosin is a high-
volume usage macrolide administered only in animals, and
avoparcin is a glycopeptide similar to vancomycin (see

Chapter 43, Vancomycin), which was used as an animal
growth promoter.

Table 2.1 lists all the antibiotics and their classes that have
been registered for use (or there is evidence for their use) in
food animals and aquaculture in the United States, EU and
Australia since 2000 (JETACAR, 1999; FDA, 2012; DANMAP,
2014; APVMA, 2014; ECDC, 2015). However, there is likely
to be off-label use of other antibiotics not on this list. Many
of these agents are critically important or last-line antibiotics
(or compounds that are chemically similar to antibiotics)
that are also used for serious human infections (WHO, 2011;
WHO, 2013; Collignon et al., 2009; Aarestrup et al., 2008).

Antibiotics have been used since the 1950s as growth pro-
moters in food animals, with the perceived benefit thought
to be the result of altering the gut bacterial flora (particularly
Gram-positive organisms). Some animals then achieve a
larger weight gain over a set period of time and may con-
sume less feed to achieve the same weight (JETACAR, 1999;
Collignon et al., 2005; Aarestrup et al., 2008; Engster et al.,
2002). In most Scandinavian countries, all antibiotic use for
growth promotion was banned 15 to 20 years ago. Sweden
was the first to do so. Denmark followed in 1999. This ban
followed a series of actions that started in May 1995 when
Denmark banned the antimicrobial growth promoter avo-
parcin (WHO, 2003). This was in response to concerns that
avoparcin use contributed to the creation of an animal res-
ervoir of glycopeptide-resistant enterococci (vancomycin-
resistant enterococci; VRE), which posed a potential risk to
public health. In December 1997 the Commission of the
European Union banned avoparcin in all EU member states.
In December 1999 the Danish swine industry voluntarily
stopped the use of all antimicrobial growth promoters in pigs
under 35 kg (weaners). A subsequent detailed analysis by the
WHO of the effects of this termination, showed no major
economic or major deleterious health effects in food ani-
mals following this ban. There continues to be a substantial
decrease in total antibiotic usage in food animals in Denmark,
compared to the 1990s (DANMAP, 2014). Following the
Scandinavian lead, The EU and its member states subse-
quently adopted a ban on the use of antibiotics as growth
promoters (FAOSTAT, 2015).

Other studies have reported similar findings as the WHO’s
in terms of the magnitude of the economic benefits attributed
to antibiotic growth promoters. In some studies, very small
or no benefits with antibiotics were observed; in some cases
there were even negative economic effects (Engster et al.,
2002; Graham et al., 2007). The largest benefits were observed
in animals that were stressed, exposed to large doses of patho-
genic bacteria or were raised under non-ideal conditions. The
value to farmers or consumers does not appear to be very
large—for instance, in chickens the calculated benefit in
Australia was approximately 3 cents per chicken for the pro-
ducer (JETACAR, 1999). In the United States, estimates (in
1981) of the likely increase in retail price if antibiotics were
not used as growth promoters were 3 to 6 cents per pound
for pork and 1.3 to 2.6 cents per pound for chickens (CAST,



1981). Overall, the net benefit associated with growth pro-
moter use was estimated to be only 1% to 3% for weight
gain and/or improved feed efficiency, with these benefits
potentially outweighed by the cost of increased bacterial
resistance in both animals and humans. Based on these
analyses and public health concerns, a number of major U.S.
poultry producers have now decided to cease using antibiot-
ics as growth promoters (Perdue Foods, 2015; Tysons Foods,
2015). Other major food purchasers and retailers are now
increasingly adopting improved antibiotic usage policies
in their purchasing contracts (Zuraw, 2014; McDonald’s
Corporation, 2015; Huffstutter, 2015).

Despite these gains in terms of the ban of antibiotic usage
for growth promotion in the EU, antibiotics continue to be
used in large amounts in many EU countries for prophylaxis
and therapeutic purposes (DANMAP, 2014; EFSA and ECDC,
2015; ECDC et al., 2015). In the Netherlands there appeared
to be a much higher relative use of antibiotics in food animals
than in other European countries (Mevius and Heederik,
2014; Grave et al., 2012; Wageningenur, 2016). Notably, how-
ever, a large proportion of the ESBL E.coli bacteremia isolates
isolated from humans were recently shown to contain anti-
biotic-resistance genes or were bacterial clones that were
very similar to what was found in poultry in the same region
(Leverstein-van Hall et al., 2011; Willemsen et al., 2015;
Jakobsen et al., 2010; Overdevest et al., 2011). After govern-
ment and agriculture sector involvement, the Netherlands
recently reduced by more than 50%, the total amount of anti-
biotics used in food animals (from 561 tons in 2000 to 244
tons in 2012). Similar to ceasing antibiotic growth promo-
tors, this change was achieved without any obvious marked
economic or production problems (Mevius and Heederik,
2014; Wageningenur, 2016). Australia has maintained very
low rates of resistance in human bacterial isolates to fluoro-
quinolones and close to zero resistance rates in food ani-
mals for fluoroquinolone resistance in E.coli, Salmonella and
Campylobacter isolates. A major factor contributing to this is
considered to be the banning of fluoroquinolone use in food
animals and strict restrictions on imported fresh meats.
Despite this ban, Australia has continued to increase its very
high levels of meat production and food animal numbers
(FAOSTAT, 2015; JETACAR, 1999; Cheng et al., 2012). These
examples suggest that societies can markedly decrease the
total antibiotic usage volumes in food animals without major
economic consequences, while potentially also achieving
safer animal-derived food products and reduced emergence
of resistance in animals and humans.

For some antibiotics that are extensively used for prophy-
lactic purposes in certain farm animals (e.g. pigs and chicken),
a reduction in use can be achieved by the introduction of new
innovations, such as vaccines, modification of diets (includ-
ing use of probiotics), changed animal husbandry practices
and research directed to the prevention of these infections,
such as farm design to improve on-farm infection control.
For example, in chickens, continuous infeed antibiotics are
frequently used to prevent necrotizing enterocolitis due to
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Clostridia perfringens, yet changes in animal husbandry prac-
tices and diet can prevent this infection without the use of pro-
phylactic antibiotics and with an increase in the total number
of chickens produced annually (Aarestrup et al., 2008).

The risk of antimicrobial-resistant bacteria or -resistance
genes being transmitted to humans via the food chain has
been documented but has been difficult to quantify. In devel-
oped countries almost all Campylobacter spp. and Salmonella
spp. are likely acquired by humans from food animals, pre-
dominantly via foods. C. difficile can also be transferred from
food animals to humans. More important, resistance genes
can be acquired by human gut flora from bacteria of animal
origin, where the gene either originated or was significantly
amplified (Le Hello et al., 2013; Su et al., 2011; Swann, 1969;
WHO, 1998; Ho et al., 2011; Price et al., 2012; Gupta et al.,
2003; Molbak, 2005; Collignon, 2009; Guerra et al., 2014). In
2003 in Canada and the United States , the third-generation
cephalosporin ceftiofur was used in an off-label manner for
routine administration/injection into chicken eggs or into
1-day-old meat chickens in hatcheries to attempt to prevent
some E.coli infections. In Québec, a surveillance program
demonstrated a marked increase in the prevalence of resis-
tance to third-generation cephalosporins among Salmonella
enterica serotype heidelberg from humans and chicken (from
approximately 30% in 2003 to 48% in early 2005). A survey
of antimicrobial use in Québec hatcheries confirmed that in
2004, all chicken hatcheries switched from using gentamicin
and ceftiofur in an alternating manner to the exclusive use
of ceftiofur. In early 2005, Québec hatcheries voluntarily
stopped using ceftiofur. This was followed by a dramatic
decline in the prevalence of third-generation cephalosporin
resistance in this serotype from both humans and chicken
(retail and abattoir meat). Similar trends in ceftiofur resis-
tance were observed among E.coli isolates from retail chicken.
When the industry subsequently reintroduced an alternating
ceftiofur regimen, a resurgence in resistance to cephalospo-
rins among S. heidelberg isolates was observed (Dutil et al.,
2010).

ANTIMICROBIAL USE IN AQUACULTURE

Large amounts of antibiotics are used in aquaculture but
there is generally poor documentation of the antibiotic types
or quantities. World aquaculture production is rapidly
increasing, with countries in Asia accounting for over 80%
of the total production. The antibiotics are most often given
as medicated feed or by adding antimicrobial agents directly
to the water (“immersion therapy”)—commonly used agents
include amoxicillin, ampicillin, chloramphenicol, erythromy-
cin, streptomycin, furazolidone, nitrofurantoin, oxolinic acid,
enrofloxacin, ciprofloxacin, flumequine, tetracyclines, and
sulfonamides (Le Hello et al., 2011; WHO, 2006; Angulo,
1999; Duran and Marshall, 2005; FAO, 2007; Collignon,
2013b). In addition, large amounts of antibiotics are added
into waterways via the run-off from aquaculture farms that
contains fish feed. In many developing countries, aquaculture
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Table 2.1. Antimicrobial classes and specific agents used in food animals and horticultural production in the United States, EU and/or

Australia®

Antimicrobial class

Subclass

Antimicrobials used in animals and humans

Aminoglycosides®

Amphenicols
Cephalosporins

Lincosamides
Macrolides®

Nitroimidazoles
Penicillins

Polypeptides®

Quinolones®

Streptogramins

Sulfonamides (Sulfas)
and diaminopyrimi-
dine potentiators

Tetracyclines

Other antibacterials

First-generation cephalosporin

Second-generation cephalosporin

Third and fourth generation cephalosporin®

Beta-lactamase-sensitive penicillins®

Beta-lactamase-resistant penicillins

Penicillins with extended spectrum and/or
beta-lactam inhibitors®

Fluoroquinolones

Other quinolones

Sulfonamides

Trimethoprim and derivatives

Antimicrobials used only in animals

Aminocoumarins
Arsenicals
Benzamides

Agents (some examples)

Apramycin
Dihydrostreptomycin
Framycetin
Gentamicin
Kanamycin
Florfenicol
Cephalexin
Cephalonium
Cephapirin
Cefuroxime
Cefoperazone
Ceftiofur

Lincomycin
Erythromycin
Gamithromycin
Kitasamycin
Oleandomycin
Spiramycin
Dimetridazole
Benzathine benzylpenicillin
Benzathine phenoxymethylpenicillin
Benzylpenicillin
Cloxacillin
Dicloxacillin
Amoxicillin

Ampicillin
Bacitracin

Colistin
Danofloxacin
Difloxacin
Flumequine
Virginiamycin
Formosulfathiazole
Phthalylsulfathiazole
Sulfacetamide
Sulfachloropyridazine
Sulfaclozine
Sulfadiazine
Sulfadimethoxine
Sulfadimidine
Sulfadoxine
Sulfafurazole
Sulfaguanidine
Ormetoprim
Chlortetracycline
Doxycycline
Rifaximin©

Novobiocin
Roxarsone
Dinitolmide

Neomycin
Paromomycin
Spectinomycin
Streptomycin

Thiamphenicol
Cefazolin
Cephacetrile
Cefadroxil

Cefquinome

Pirlimycin
Tildipirosin
Tilmicosin
Tulathromycin
Tylosin
Tylvalosin

Penethamate hydriodide
Phenoxymethylpenicillin
Procaine benzylpenicillin
Nafcillin

Oxacillin

Clavulanic acid

Polymyxin B

Enrofloxacin
Marbofloxacin
Oxolinic acid

Sulfamerazine
Sulfamethazine
Sulfamethizole
Sulfamethoxazole
Sulfamethoxypyridazine
Sulfamonomethoxine
Sulfanilamide
Sulfapyridine
Sulfaquinoxaline
Sulfathiazole

Trimethoprim
Oxytetracycline
Tetracycline
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Antimicrobial class Subclass

Carbanilides
Glycolipids
Glycophospholipids
lonophores

Oligosaccharides
Pleuromutilins
Quinoxalines
Triazines

Others

Fungicides used for plant protection©
Azoles

Agents (some examples)

Nicarbazin
Bambermycins

Flavophospholipol

Laidlomycin
Lasalocid
Maduramicin
Monensin
Avilamycin
Tiamulin
Carbadox
Toltrazuril
Robenidine

Azaconazole
Bitertanol
Bromuconazole
Cyproconazole
Diclobutrazol
Difenoconazole
Diniconazole
Epoxiconazole
Etridiazole
Fenbuconazole
Fenchlorazole

Narasin
Salinomycin
Salinomycin
Semduramicin

Valnemulin
Olaquindox

Hexaconazole
Hymexazol
Imazalil
Metconazole
Myclobutanil
Penconazole
Prochloraz
Propiconazole
Tebuconazole
Tebuconazole
Triadimefon

Fluguinconazole Triadimenol
Fluguinconazole Triazoxide

Flusilazole Tricyclazole
Flutriafol Triflumizole

2Registration, or evidence of use, between 2000 and 2013.

These antibacterial classes and/or subclasses of antibiotics are classified as “critically important” for human health by WHO.

Fungicides used for plant protection in EU 2000.

is integrated and animal and human fecal waste is added to
fish ponds. In this “soup,” resistant bacteria from humans
and animals are mixed with environmental bacteria and
potentially multiple antibiotics contained in fish feed. As
an example, aquaculture likely facilitated genetic transfers
in multiresistant Salmonella Kentucky (Le Hello et al., 2011;
Collignon, 2013).

ANTIMICROBIAL USE IN HORTICULTURE,
INCLUDING FRUIT AND VEGETABLE
PRODUCTION

There are minimal data regarding the quantity and type of
antibiotics used in horticulture, but usage occurs (McManus
et al., 2002; Stockwell and Duffy, 2012; Gusberti et al., 2015;
Acimovic¢ et al., 2015; Mayerhofer et al., 2009; Fruit Growers
News, 2007; Traub and Leonhard, 1995; Senkel et al., 2003;
Goodman and Johnston, 1957-59). One example is the use
of aminoglycoside sprays (gentamicin and streptomycin) on
apples and pears to control fire blight, with streptomycin

residues detected on apples up to 86 days after the last appli-
cation of the spray (Mayerhofer et al., 2009). Because amino-
glycosides are generally heat stable, they are likely to persist
on (or in) these fruits despite cooking (Traub and Leonhard,
1995).

In addition to antibiotics, antifungal agents such as azoles,
are now used in large quantities in agriculture for crop pro-
tection and material preservation (Hof, 2001; Verweij et al.,
2009; Mortensen et al., 2010; Chowdhary et al., 2013; Parker
et al., 2014; Bromley et al., 2014; Bowyer and Denning, 2014;
US Forest Service, 2016; US. EPA, 2006; ECDC, 2013;
Eurostat, 2001; ECPA, 2012; see Table 2.1). In Europe in 1996,
over 9,000 tons of azoles were used as plant and crop protec-
tion. In the UK in 2008, 165 tons of triazole antifungals were
used on wheat; while large volumes of triazole are used on
beans and oilseed rape. Triazoles were also used on dessert
apples, field roses, hops, and strawberries (US EPA, 2006;
ECDC, 2013; Eurostat, 2001).

Triazoles (difenoconazole, tebuconazole, and propicona-
zole) are used for the control of fungal diseases on lawns
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(Fusarium patch, anthracnose, and dollar spot) and orna-
mental plants (mildew and rusts). Tebuconazole and propi-
conazole are used to prevent wood decay by some fungi (e.g.
Gloeophyllum trabeum and Poria spp.). They can be used in
combination with copper carbonate and are the main com-
ponents of copper organic wood preservatives used in indus-
try to pressure-treat timbers, such as those used in fencing,
cladding, plywood, roofing, and garden decking. Copper
triazole combination preservatives are widely marketed in
North America and across Europe. Wood preservatives con-
taining propiconazole and tebuconazole are also available for
domestic use. Propiconazole is registered for use in adhe-
sives, paints, leather, paper, and textiles and is available in the
UK as the active ingredient in an antifouling agent, biocidal
paints and surface biocides (U.S. Forest Service, 2016; U.S.
EPA, 2006; ECDC, 2013; Eurostat, 2001).

The widespread use of azoles has been defended by indus-
try. A modeling study done by the wheat industry estimated
that if azoles were not used on crops, such as wheat in Europe,
there would be a drop in domestic wheat production, esti-
mated to be about 9.8 million tons in 2013 (from 141.1 to
131.3 tons) and possibly 18.6 million tons in 2020 (from 152.4
to 133.8 tons), with the EU potentially ceasing to be a net
wheat exporter and with possible impacts on global food
security (ECPA, 2012).

From a resistance perspective, however, it appears that
azole resistance has evolved in the environment and may
be driven by the selective pressure of azole fungicides (Hof,
2001; Verweij et al., 2009; Mortensen et al., 2010; Chowdhary
et al., 2013; Parker et al., 2014; Bromley et al., 2014; Bowyer
and Denning, 2014). One report noted that although evi-
dence supporting this hypothesis is growing, the link between
the environmental use of azole fungicides and the develop-
ment of azole resistance in Aspergillus spp. is not yet proven.
Nevertheless, the following observations support an envi-
ronmental route of azole resistance development (ECDC,
2013). First, azole resistance was observed relatively fre-
quently in azole naive patients. In a Dutch culture-based
survey in seven university medical centers, 64% (14/22) of
patients with azole-resistant Aspergillus spp. disease were
azole naive at the time the resistant isolate was cultured, and
the resistance mechanism(s) observed in these strains was
consistent with environmental acquisition rather than from
human-to-human transmission (van der Linden et al.,
2013). Notably, several studies from European countries
(Netherlands, Denmark, Norway, UK, Italy) have shown that
A. fumigatus isolates from environmental samples may be
resistant to medical triazoles, which is consistent with the
fact that azole fungicides used in agriculture have a similar
molecular structure to medical azoles (including propi-
conazole, tebuconazole, epoxiconazole, difenoconazole, and
bromuconazole) (ECDC, 2013).

NEED FOR IMPROVED USAGE AND
RESISTANCE SURVEILLANCE DATA

Worldwide, antimicrobial (antibiotics and antifungal) usage
data are limited. Although areas such as Europe, Canada, the
United States, Australia and some other developed countries
regularly produce usage data, they are often many years out
of date and provide little information on the details about
which antibiotics are used in which agricultural sector.
Furthermore, some emerging nations, such as China and
Brazil, are huge food producers and agricultural users of
antimicrobials, yet very limited surveillance data are avail-
able. What information is available, suggests high volumes of
sulfonamides, tetracyclines, and fluoroquinolones (enroflox-
acin, fleroxacin, and norfloxacin) are used (Graham et al.,
2014; FAOSTAT, 2015; Van Boeckel et al., 2015; Collignon
and Voss, 2015; Krishnasamy et al., 2015; Zhang et al., 2015).

THE WHO LIST OF CRITICALLY
IMPORTANT ANTIMICROBIALS

The WHO has developed criteria to rank antimicrobials
according to their importance in human medicine. The
WHO list of critically important antibiotics was developed
to provide a tool for risk management strategies and to focus
resources to address antimicrobial usage in agriculture and
veterinary medicine. The list was first developed in Canberra
in 2005, substantially revised in Copenhagen in 2007 and
in Oslo in 2011, and most recently revised in Bogota in 2013
(WHO, 2011; WHO, 2013; Collignon et al., 2009). The anti-
biotic classes categorized as critically important, highly
important and important are given in Table 2.2.

POTENTIALLY EFFECTIVE ACTIONS TO
REDUCE ANTIMICROBIAL USAGE IN
AGRICULTURE

Three principles to minimize the risk of development and
spread of antibiotic resistant bacteria related to food animals
are as follows:

Antibiotics that are critically important or last-line anti-
biotics for serious human infections should not be used in
food production animals or agriculture or at least should
have major restrictions imposed on their use.

The use of antibiotics for prophylactic purposes in animals
should be kept to a minimum, with the current usage
levels reduced. Other nonantibiotic methods to prevent
animal infections should be developed and emphasized.

Antibiotics should not be used as growth promoters in
agriculture.
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Table 2.2. WHO classification and antimicrobial classes

WHO classification Antimicrobial class

Critically important antimicrobials Aminoglycosides
Carbapenems and other penems
Cephalosporins (third and fourth generation)
Cyclic esters
Fluoro- and other quinolones
Glycopeptides
Glycyleyclines
Lipopeptides
Macrolides and ketolides
Monobactams
Oxazolidinones
Penicillins (natural, aminopenicillins and antipseudomonal)
Polymyxins
Rifamycins
Drugs used solely to treat tuberculosis or other mycobacterial diseases
Highly important antimicrobials Amidinopenicillins
Amphenicols
Cephalosporins (first and secibd generation) and cephamycins
Lincosamides
Penicillins (antistaphylococcal)
Pleuromutilins
Pseudomonic acids
Riminofenazines
Steroid antibacterials
Streptogramins
Sulfonamides, dihydrofolate reductase inhibitors and combinations
Sulfones
Tetracyclines
Amidinopenicillins
Amphenicols
Cephalosporins (first and second generation) and cephamycins
Lincosamides
Penicillins (antistaphylococcal)
Pleuromutilins
Pseudomonic acids
Riminofenazines
Steroid antibacterials
Streptogramins
Sulfonamides, dihydrofolate reductase inhibitors and combinations
Sulfones
Tetracyclines
Important antimicrobials Aminocyclitols
Cyclic polypeptides
Nitrofurantoins
Nitroimidazoles

Source: From: WHO (2011).
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Furthermore, consideration needs to be given to banning or
severely restricting the current heavy use of antimicrobials
that are on the WHO’s critically important list, such as fluo-
roquinolones, colistin, third-generation cephalosporins and
carbapenems. The current widespread use of antifungals, such
as azoles, also needs to be reevaluated.
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Benzylpenicillin (Penicillin G)

Alasdair M. Geddes, lan M. Gould, Jason A. Roberts, Jason A. Trubiano, M. Lindsay Grayson

1. DESCRIPTION

2. ANTIMICROBIAL ACTIVITY

Penicillin was isolated from Penicillium notatum by Fleming
in 1928 and introduced into clinical medicine in 1941 by
Florey, Chain, and associates (Fleming, 1929; Chain et al.,
1940; Abraham, 1980). The history of penicillin is recorded
in a number of monographs (Hare, 1970; Bickel, 1972; Bud,
2007).

The penicillin used initially was an amorphous compound
containing impurities, which were introduced during the
fermentative process; its activity and dosage were expressed
in units. Early penicillin was also a mixture of several peni-
cillin compounds, designated E G, X, and K. Penicillin G
(benzylpenicillin; Pen G) was the most satisfactory, and this
is now used in a purified and crystalline form for clinical pur-
poses. Pen G, similar to all penicillins and cephalosporins, is
a beta-lactam antibiotic, thereby containing a beta-lactam
ring that incorporates a beta-lactam bond. The penicillin
nucleus, 6-aminopenicillanic acid (6-APA), consists of three
components—a thiazolidine ring, the beta-lactam ring, and
a side chain. The cephalosporin nucleus, 7-aminocephalos-
poranic acid (7-ACA), is similar, but the five-member thi-
azolidine ring characteristic of the penicillins is replaced by
a six-member dihydrothiazide ring (Waldvogel, 1982). Both
6-APA and 7-ACA were isolated some 50 years ago, and they
have provided convenient starting points for the synthesis of
other penicillins and cephalosporins that are described else-
where in this book.

The terms crystalline penicillin G and crystalline penicillin
are often used as synonyms for either of two highly soluble
Pen G salts, sodium Pen G (sodium benzylpenicillin) and
potassium Pen G, but all other penicillins in use are also
crystalline, unlike the early impure amorphous compound.
The chemical structure of Pen G is shown in Figure 3.1. Pen
G is a rather unstable acid; hence a number of relatively sta-
ble salts are used clinically. A summary of the various forms
of Pen G and their characteristics are shown in Table 3.1.

In spite of the availability of many new antibiotics and the
progressive development of resistance in many bacterial spe-
cies, Pen G remains a very effective agent against many key
pathogens (see Table 3.2).

2a. Routine susceptibility

Since the introduction of Pen G into clinical use, many
organisms that were originally highly susceptible have now
developed resistance. Tables 3.3 and 3.4 show the wild-type
distribution of minimum inhibitory concentrations (MICs)
for some common bacterial species and their suggested
EUCAST in vitro breakpoints.

AEROBIC GRAM-POSITIVE COCCI

Streptococcus pyogenes (group A
beta-hemolytic streptococcus)

Streptococcus pyogenes has remained very susceptible, such
that routine sensitivity testing is generally not required (Gar-
rod, 1960a; Garrod 1960b; Barber and Waterworth, 1962;
Burkert and Watanakunakorn, 1992; Chow and Muder, 1992;
Betriu et al., 1993). There has been no shift toward higher
MIC levels of Pen G for natural isolates, but less-sensitive
mutants (MIC 0.2 ug/ml compared with 0.006 pg/ml for sus-
ceptible strains) can be produced in the laboratory (Gutmann
and Tomasz, 1982; Coonan and Kaplan, 1994). Also, penicil-
lin-tolerant strains of S. pyogenes with minimal bactericidal
concentration (MBC)/MIC ratios greater than 32 can be pro-
duced experimentally and have also been isolated from clin-
ical specimens (Gutmann and Tomasz, 1982; Dagan et al.
1987; Grahn et al., 1987; Woolfrey et al., 1988; de Melo et al.,
2003). Penicillin-binding proteins (PBPs) 2 and 3 of such
mutants have a decreased affinity for Pen G. It is interesting
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Figure 3.1. Chemical structure of penicillin G.
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Table 3.1. Summary of various formulations of penicillin G

Penicillin formulation

Sodium Pen G or sodium benzylpenicillin

Potassium Pen G

Procaine Pen G* (procaine benzylpenicillin
or procaine penicillin)

Comments

¢ A highly soluble salt; dose can be dissolved completely in a few milliliters of water for
administration.

Dosages of this and other Pen G preparations were previously expressed in units.
e One unit of activity is equivalent to 0.6 pg of pure sodium Pen G.

Very soluble salt.

e One unit of activity equivalent to 0.625 pg of pure potassium Pen G.

e Much less soluble salt.

Administered i.m. as a suspension of crystal particles that dissolve slowly, so absorption
of liberated Pen G takes place over a prolonged period.

e One unit of activity is equivalent to 1.0 pug of pure procaine penicillin.
Availability varies in some regions.

Benzathine Pen G? (di-benzyl-ethylene-

diamine penicillin or DBED penicillin)

Even less soluble salt than procaine penicillin
Is slowly absorbed after i.m. injection, producing prolonged serum levels of Pen G.

e One unit of activity is equivalent to 0.75 pg of the pure substance.
e Availability varies in some regions.

*Procaine and benzathine salts of Pen G are known as “long-acting,” “depot” or “repository” forms.

to speculate on possible reasons for this sustained suscepti-
bility, including beta-lactamases may be toxic to the organ-
ism, low-affinity PBPs cannot be expressed or render the
organism nonviable, or inefficient mechanisms for, or barri-
ers to, transfer of genetic material from resistant organisms
exist in the oropharyngeal cavity (Horn et al., 1998).

Pen G induces significant postantibiotic effect (PAE) in
S. pyogenes in vitro and in vivo. This means there is a per-
sisting suppression of bacterial growth after short exposure
to Pen G (Odenholt et al., 1989; Odenholt et al., 1990; Win-
stanley, 1990). In serious infections such as necrotizing

fasciitis, penicillin may be combined with a protein synthesis
inhibitor such as clindamycin in an attempt to suppress toxin
production (Stevens et al., 1988). This feature has also been
demonstrated in invasive streptococcal disease (Carapetis et
al., 2014).

Group B beta-hemolytic streptococcus
(Streptococcus agalactiae)
Streptococcus agalactiae is usually carried in the lower intes-

tinal tract, and in the perineum and vagina of females
(Anthony, 1982; Dillon et al., 1982; Easmon, 1986; Persson

Table 3.2. Infections caused by the following pathogens are often successfully treated with penicillin G

Organism

Actinobacillus actinomycetemcomitans

Actinomyces

Arachnia

Bacteroides melaninogenicus

Bacteroides oralis

Bacillus anthracis and most other Bacillus spp. (not B. cereus)

Bifidobacteria

Bordetella pertussis

Borrelia burgdorferi

Borrelia hermsii

Capnocytophaga canimorsus

Cardiobacterium hominis

Clostridia except some strains of C. perfringens, tertium, and
butyricum

Corynebacterium diphtheriae and many other coryneforms
(not JK)

Eikenella corrodens

Erysipelothrix rhusiopathiae

Eubacterium

Fusobacterium necrophorum

Fusobacterium nucleatum

Haemophilus influenzae (beta-lactamase-negative strains)

Kingella kingae/indologenes

Lactobacilli

Leptospira

Leuconostoc

Listeria monocytogenes

Moraxella spp. (not catarrhalis)

Neisseria lactamica

Neisseria meningitidis (but reduced susceptibility in some
countries)

Pasteurella multocida

Peptococci and anaerobic streptococci

Prevotella melaninogenica

Propionibacterium spp.

Spirillum minus

Streptobacillus moniliformis

Streptococcus agalactiae

Streptococcus pneumoniae

Streptococcus pyogenes (group A)

Streptococcus spp. (alpha- and beta-hemolytic streptococci)

Treponema pallidum

Veillonella spp.
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Table 3.3. Wild-type distributions and breakpoint MICs of benzylpenicillin for common bacterial pathogens

MIC (pg/ml) Wild-type
breakpoint

Organism 0.002 0.004 0.008 0.016 0.032 0.064 0.125 0.25 0.5 1 2 4 (< pg/ml)
Streptococci
S. agalactiae 0 0 8 188 1629 1346 85 4 0 1 0 0 0.125
S. anginosus 0 0 1 37 161 104 23 11 6 4 2 0 0.25
S. bovis 0 0 0 0 36 31 12 3 0 0 0 0 0.25
S. constellatus 0 0 0 39 263 97 38 3 1 1 1 1 0.25
Streptococcus group C 0 0 0 159 38 17 1 0 0 0 0 0 0.064
Streptococcus group G 1 59 102 24 4 3 0 0 0 0 0 0 0.064
S. intermedius 0 0 0 11 31 18 7 5 5 5 2 1 0.25
S. milleri 0 0 0 28 55 27 16 0 2 1 0 0 0.125
S. mitis 0 0 0 94 190 92 106 69 35 38 25 23 0.25
S. mutans 0 0 0 13 21 2 3 3 1 0 1 1 0.25
S. oralis 0 0 6 85 218 94 80 29 24 20 19 14 0.25
S. parasanguinis 0 0 0 0 19 7 13 13 4 3 5 1 0.25
S. pneumoniae 108 899 5428 14412 5983 1942 1058 1174 992 996 2568 2010 0.064
S. pyogenes 9 180 1493 1894 60 8 2 2 0 0 0 0 0.064
S. salivarius 0 0 0 10 50 47 45 15 17 7 3 2 0.25
S. sanguis 0 0 0 30 38 35 40 25 27 9 14 5 0.25
S. vestibularis 0 0 0 0 2 5 2 1 3 1 0 0 0.25
S. viridans 0 0 13 57 146 171 76 43 28 16 18 9 0.25
Staphylococci
S. aureus® 0 0 85 553 547 223 202 312 893 947 802 720 0.125*
S. lugdunensis 0 0 1 7 6 24 63 14 5 14 16 17 0.125
Enterococci
E. faecalis 0 0 0 7 3 3 8 17 68 515 4899 4081 16.0
E. faecium 0 0 0 2 5 7 9 17 27 51 85 157 16.0
E. gallinarum 0 0 0 0 0 0 0 9 32 29 5 8.0
Other species
Listeria monocytogenes 0 0 0 7 1 5 105 227 156 28 1 0 1.0
Propionibacterium acne 0 0 1 118 92 62 30 0 0 0 0 0 0.125
Clostridium perfringens 0 0 0 12 22 23 " 6 2 0 1 0 0.125
Neisseria meningitidis 0 4 1 154 770 1677 683 367 116 23 1 0 0.25
Haemophilus influenzae 0 0 0 0 66 106 1199 6552 3528 1359 1195 370 2.0

2MSSA: methicillin-susceptible S. aureus; MRSA: methicillin-resistant S. aureus.

Source: From EUCAST database.

et al., 1987). It is a potentially serious cause of neonatal infec-
tions (McCracken, 1973; Berg et al., 1977; Cowen, 1979;
Hamoudi and Hamoudi, 1981; Persson et al., 1986) but has
also been implicated in certain adult infections, such as sep-
ticemia, diabetic foot infections, and meningitis (Anthony
and Concepcion, 1975; Gallagher and Watanakunakorn, 1986;
Verghese et al., 1986; Aharoni et al., 1990; Back et al., 1990;
Dunne and Quagliarello, 1993; Sarmiento et al., 1993). There
is a 30-fold increased risk of S. agalactiae infection in patients
with diabetes mellitus, cancer, or HIV infection (Farley et al.,
1993; Wessels and Kasper, 1993). Rare cases have been
reported with classical toxic shock-like syndrome, in which
the patient is not bacteremic, but urine and vaginal cultures
grow group B streptococci that elaborate a pyrogenic toxin
(Schlievert et al., 1993).

Although group B streptococci (GBS) are reasonably sus-
ceptible to Pen G, this is about 10-fold less than that of group
A streptococci (see Table 3.3). Until recently, Pen G suscep-
tibility has remained largely unchanged, with truly resistant
strains only occasionally isolated from humans (Bayer et al.,
1982; Berkowitz et al., 1990; Betriu et al., 1994; de Azavedo
et al., 2001; Morikawa et al., 2003; Kimura et al., 2008). The
CLSI-determined susceptibility breakpoint for penicillin is
0.12 pg/ml and the EUCAST, 0.25 pg/ml. Since 2008, GBS
isolates with reduced penicillin susceptibility (MICs 0.25-
1.0 pg/ml) have been reported from various clinical facilities
in Japan, the USA, and Canada. (Kimura et al., 2008; Danesh
et al. 2008; Murayama et al., 2009; Gaudreau et al., 2009;
Longtin et al., 2011). In addition, group B streptococci dis-
playing resistance to penicillins, cephalosporins, and several
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Table 3.4. Breakpoints (ug/ml) for susceptibility and resistance to penicillin and aminopenicillin among various bacterial species

Species/Organism Benzylpenicillin Phenoxymethylpenicillin Ampicillin® Amoxicillin
Enterobacteriaceae — — 5/8 ©/8
Staphylococcus 0.125/0.125 € € €
Enterococcus d — 4/8 4/8
Streptococcus A, B, C, G 0.25/0.25 e e e
Viridans-streptococcif 0.25/2 IE 0.5/2 0.5/2
S. pneumoniae 0.06/2 0.06¢° 0.5/2 0.5/2
H. influenzae" 1= IE 1/1 2/2
M. catarrhalis — — 1/1 11

N. gonorrhoeae 0.06/1 — k k

N. meningitides 0.06/0.25 — (0.125/1) (0.125/1)

*Enterobacteriaceae and aminopenicillin breakpoints: The resistant breakpoint of R > 8 mg/| ensures that all isolates with resistance mechanisms are reported

resistant. The wide range of dosages and intravenous versus oral administration significantly affect therapeutic efficacy. The unspecified S breakpoint enables
the user to categorize wild-type Escherichia coli and Proteus mirabilis S or | to the aminopenicillins. This will depend on dosing, route of administration, and
whether the infection is systemic or affects the urinary tract only. Irrespective of susceptibility testing results, Klebsiella spp. and Citrobacter diversus are poor
targets for penicillins with or without beta-lactamase inhibitors.

bStaphylococci: Most staphylococci are penicillinase producers. Penicillinase-producing strains are resistant to benzylpenicillin; phenoxymethylpenicillin; and
amino-, carboxy-, and ureidopenicillins. The benzylpenicillin breakpoint will mostly, but not unequivocally, separate beta-lactamase producers from
nonproducers.

Enterococci: Refer to national or international endocarditis guidelines for breakpoints for Enterococcus spp. in endocarditis. Ampicillin and amoxicillin are con-
sidered active against wild-type enterococci. Enterococcus faecium resistant to penicillins can be considered resistant to all other beta-lactam drugs, including
carbapenems.

dStreptococci: The beta-lactam susceptibility of beta-hemolytic streptococci groups A, B, C, and G is inferred from the penicillin susceptibility with the exception
of phenoxymethylpenicillin for streptococcus group B. Strains with MIC values above the S/I breakpoint are very rare or not yet reported. The identification
and antimicrobial susceptibility tests on any such isolate must be repeated, and if the result is confirmed, the isolate sent to a reference laboratory. Until there
is evidence regarding clinical response for confirmed isolates with MIC above the current resistant breakpoint, they should be reported resistant. Streptococci
groups A, B, C and G do not produce beta-lactamase. The addition of a beta-lactamase inhibitor does not add clinical benefit.

¢Viridans streptococci: Refer to national or international endocarditis guidelines for breakpoints for viridans streptococci in endocarditis. Use benzylpenicillin to
categorize the susceptibility of ampicillin and amoxicillin.

fStreptococcus pneumoniae: Most MIC values for penicillin, ampicillin and amoxicillin differ by no more than one dilution step and isolates susceptible to ben-
zylpenicillin can be reported susceptible to these and other relevant beta-lactam antibiotics. In pneumonia, strains with MIC < 0.5 pg/ml should be regarded
as susceptible to penicillin at doses of at least 1.2 g x 4, with MIC < 1 ug/ml at doses of 2.4 g x 4 or 1.2 g x 6 and strains with MIC < 2.0 pg/ml susceptible at
doses of 2.4 g x 6. In meningitis, isolates with MICs > 0.06 ug/ml should be categorized resistant to penicillin. For other indications breakpoints of 0.06/2 pg/ml
are valid. Report S. pneumoniae with benzylpenicillin MICs > 0.06 pg/ml resistant to phenoxymethylpenicillin.

9Haemophilus influenzae: Always test for beta-lactamase and report positive strains resistant to penicillins without beta-lactamase inhibitors. Breakpoints relate
only to beta-lactamase-negative strains. Strains may be resistant to penicillins, aminopenicillins, and/or cefalosporins due to changes in PBPs (BLNAR: beta-I-
actamase negative, ampicillin resistant) and a few strains have both resistance mechanisms (BLPACR: beta-lactamase positive, ampicillin clavulanate resistant).

"Nonspecies-related breakpoints have been determined mainly on the basis of pharmacokinetic/pharmacodynamic data and are independent of MIC distribu-

tions of specific species. They are to be used only for aerobic organisms that do not have specific breakpoints.

iMoraxella catarrhalis: Can be reported resistant to penicillins and aminopenicillins without inhibitors because > 85% of the isolates produce beta-lactamase.

iNeisseria gonorrhoeae: Should always be tested for beta-lactamase. If positive, report resistant to benzylpenicillin, ampicillin and amoxicillin. The susceptibility

of beta-lactamase negative isolates to ampicillin and amoxicillin can be inferred from the susceptibility to benzylpenicillin.

Abbreviations: IE: insufficient evidence that the species in question is a good target for therapy with the drug.

Source: From EUCAST database.

other antibiotics have also been isolated from the udders of
dairy cattle that had received antibiotic chemoprophylaxis.
Resistance appeared to be due to alteration of PBPs, specifi-
cally PBP2X, with penicillin MICs of 1 pug/ml and ceftizox-
ime MICs of 128 pg/ml (Berghash and Dunny, 1985; Kimura
et al., 2008; see section 2b).

Similar to S. pyogenes, some strains of group B strepto-
cocci may be penicillin tolerant, with their MBCs greatly
exceeding their MICs (Kim and Anthony, 1981). This phe-
nomenon can be more marked at a lower pH, which could be
of clinical significance (Horne and Tomasz, 1981). In vitro and
animal studies indicate that combinations of Pen G with an
aminoglycoside, such as gentamicin, are usually synergistic
against group B streptococci (Deveikis et al., 1977; Baker et

al., 1981), thereby providing a rationale for the initial use of
a combination of Pen G plus gentamicin in the treatment of
group B streptococcal meningitis or endocarditis (Swingle et
al., 1985; Gallagher and Watanakunakorn, 1986; see section 7).

Groups C, G, F, and R (Streptococcus suis)
beta-hemolytic streptococci

These are less common human pathogens. Group C (Arditi
et al., 1989; Bradley et al., 1991), group G (Craven et al., 1986;
Venezio et al., 1986), group F (Libertin et al., 1985), and group
R streptococci (Arends and Zanen, 1988) are consistently
susceptible to Pen G. A case of penicillin-resistant group C
streptococcus has been reported (MIC 2 pg/ml), although
the mechanism of resistance was not clarified (Hutchinson



and Eltringham, 1995). Strains of group C streptococci can
exhibit penicillin tolerance (Arditi et al., 1989); this was
demonstrated in 16 of 17 clinical isolates tested by Portnoy et
al. (1981). Pen G and gentamicin synergism occurred against
all of the 17 strains. Clinical isolates of group G streptococci
also often show tolerance to Pen G and other antibiotics
that act on the bacterial cell wall (Finch and Aveline, 1984;
Ashkenazi et al., 1988). Pen G plus gentamicin usually exhib-
its in vitro synergism against group G streptococci (Lam and
Bayer, 1984).

S. milleri group (or S. anginosus group) were previously
considered as group F streptococci, but many isolates do not
exhibit beta-hemolysis and do not react with Lancefield
serogroup F antibody. Nevertheless, they are usually fully
susceptible to penicillin, although there are several reports
of increasing resistance due to altered PBPs (Bantar et al.,
1996; Doern et al., 1996; Tracy et al., 2001). It is most com-
mon among the S. anginosus and S. intermedius isolates.
Ceftriaxone, cefotaxime, and vancomycin are alternative ther-
apeutic options.

Streptococcus pneumoniae

S. pneumoniae was uniformly Pen G susceptible until approx-
imately 1967, after which strains with intermediate resistance
or resistance were isolated with increasing frequency from
infected and colonized patients. In 1977 highly resistant pneu-
mococcal strains appeared in South Africa; initially their
spread to other parts of the world was minimal, but they have
now been detected in many other countries. Pneumococcal
strains with MICs of 0.06 pg/ml or less are traditionally
regarded as susceptible, those with MICs of 0.1-1.0 pug/ml as
intermediately resistant or of reduced susceptibility; those
with MICs of higher than 1.0 pg/ml have in the past been
designated as highly resistant or simply resistant (Jacobs,
1992). Breakpoints have since been revised (see section 2b):
CLSI has changed the in vitro breakpoints for penicillin for
nonmeningeal infections—strains of S. pneumoniae with
MICs < 2 pg/ml are now considered susceptible, with resis-
tant defined as an MIC > 8 pg/ml (CLSI, 2008; CLSIL, 2013).

Increasing resistance to penicillin among S. pneumoniae
strains has now been reported in many countries over the
past two decades (section 2b).

Viridans group streptococci (alpha-hemolytic
streptococci)

Alpha-hemolytic streptococci include viridans group strep-
tococci (VGS) (S. sanguis, S. mitior [mitis], S. mutans, and
S. salivarius) and the S. anginosus group (also known as the
S. milleri group, consisting of S. intermedius, S. anginosus,
and S. constellatus) and are susceptible to Pen G. VGS are
a common cause of bacterial endocarditis, and the milleri
group are often implicated in serious suppurative infections
(Rapeport et al., 1986; Stein and Nelson, 1987; Gossling,
1988; Gelfand et al., 1991; Bourgault et al., 1979; Little et
al., 1979). Resistant variants may be found in the pharynx
and dental cavities of patients treated with a penicillin or
who have received prolonged oral penicillin V to prevent
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rheumatic fever (Phillips et al., 1976). By contrast, patients
treated with monthly i.m. benzathine penicillin have had lit-
tle, if any, increase in resistant VGS strains. Concerns that
continuous low-dose oral penicillin prophylaxis would result
in a high prevalence of endocarditis due to Pen G-resistant
VGS have lessened, although it is well documented (Parrillo
et al., 1979; Levin et al., 1982). Pen G-resistant VGS have
also been isolated from the oral flora and the blood of
patients who have not received prior penicillin therapy, with
S. mitis being most common in some studies (Hess et al.,
1983; Rahman, 1982; Venditti et al., 1989; Wilcox et al., 1993;
Westling et al., 2004). Highly resistant VGS were initially
detected in South Africa in association with Pen G-resistant
pneumococci but later appeared in other countries; isolates
were resistant to Pen G, penicillinase-resistant penicillins,
cephalosporins, piperacillin, azlocillin, and mezlocillin but
were susceptible to vancomycin. Similar to the Pen G-resis-
tant pneumococci, these strains have altered PBPs (Farber et
al., 1983a; Quinn et al., 1988). In a review of community-
acquired bacteremia in the UK, VGS caused 50/723 (6.9%)
adult and 13/106 (12.3%) pediatric episodes. The overall rate
of penicillin resistance was 20%, with 25.5% of the strains
resistant to erythromycin and 10.9% resistant to both agents
(Tan et al., 2008b). Similar results have been reported from
Glasgow, Taiwan, Poland, and Slovakia for S. oralis, S. mitis,
and S. salivarius (Smith et al, 2004; Teng et al., 1998;
Rozkiewicz et al., 2006; Mrazova et al., 2005).

The incidence and severity of VGS infections in children
with cancer has increased in the past 15 years and can
account for up to one third of bacteremias in this patient
group, with up to 37% being high-level penicillin resistant
(> 4 ug/ml) (Bruckner and Gigliotti, 2006). Children appear to
be more frequently colonized with penicillin-resistant strains
of VGS than are adults, possibly due to both more intensive
antibiotic use for conditions such as acute otitis media;
quinolone-resistant VGS have also been found in this oncol-
ogy population (Elting et al., 1992; Razonable et al., 2002).

Overall, S. mitis is the most common VGS species associ-
ated with reduced susceptibility to antibiotics, including beta-
lactams, quinolones, and macrolides but not vancomycin
(Han et al., 2006). In general, however, VGS strains are not
infrequently Pen G tolerant, especially S. sanguis (Dankert
and Hess, 1982; James, 1990). S. sanguis is defective in autol-
ysins, which are essential for the irreversible bactericidal
effect of Pen G (Horne and Tomasz, 1977). Tolerant VGS
strains may possibly be responsible for failures of Pen G to
protect against bacterial endocarditis (Holloway et al., 1980;
Anderson and Cruickshank, 1982; Brennan and Durack, 1983;
Lowy et al., 1983; Wilson et al., 1985). In addition, “nutri-
tionally variant” streptococci have been isolated from 5%
to 10% of patients with viridans streptococcal endocarditis
(Gephart and Washington, 1982). These require supplemen-
tal media for isolation and sensitivity testing and may be
Pen G sensitive, resistant, or tolerant (Feder et al., 1980; Stein
and Nelson, 1987; Holloway and Dankert, 1982).

In vitro synergy between Pen G (or other penicillins, ceph-
alosporins, and vancomycin) and aminoglycosides usually
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occurs with virtually all VGS strains (Sande and Scheld,
1980), although some VGS clinical isolates have exhibited
high-level resistance to streptomycin (MICs > 2000 pg/ml)
and/or gentamicin (MICs > 500 pg/ml) (Farber et al., 1983b).
Given the prevalence of penicillin-resistant VGS, there are
remarkably few cases of infective endocarditis (IE) due to
these strains reported in the literature. A retrospective anal-
ysis of 29 such cases over a 40-year period (including 10 with
prosthetic valve endocarditis) demonstrated that therapy with
a beta-lactam plus aminoglycoside combination was associ-
ated with a good outcome (Knoll et al., 2007).

Enterococci

Although enterococci were once classified as streptococci,
they are now known to be separate species (Herman and
Gerding, 1991). Enterococcus faecalis and E. faecium are the
two most common clinical pathogens; with less common
species include E. durans, E. raffinosus, and E. avium (Gray-
son et al., 1991b). Compared with streptococci, E. faecalis
is much less sensitive to Pen G, and E. faecium is even less
so (see Table 3.3) (Moellering et al., 1979; Murray, 1991).
Enterococci were considered to be naturally occurring toler-
ant organisms; penicillins and other drugs that act on the cell
wall (e.g. vancomycin, cycloserine, and bacitracin) have an
MBC/MIC ratio greater than 32 for enterococci (Krogstad
and Parquette, 1980). However, it has now been shown that
tolerance is an acquired characteristic and not necessarily
intrinsic. The MICs of Pen G for enterococci from an
antibiotic-virgin area of the Solomon Islands were similar to
those of strains isolated in the USA. However, the organisms
from the Solomon Islands rapidly lysed and were killed by
concentrations of Pen G just above the MIC. After short expo-
sure to Pen G in vitro, these organisms, like strains in the
USA, rapidly became tolerant to beta-lactams (Moellering,
1991). Clinical isolates of enterococci often exhibit a peculiar
type of tolerance to beta-lactams, in that these bacteria may
be killed by relatively low antibiotic concentrations (2-4 x
MIC), but the percentage of survivors increases at increasing
antibiotic concentrations (Shah, 1982; Fontana et al., 1990a).
When studying 50 clinical isolates of E. faecalis, Fontana et
al. (1990b) found that this paradoxical response and toler-
ance were not exhibited by all strains. Some 22% of the strains
were paradoxically responding but not tolerant, 65% were
paradoxically responding and tolerant, 12% were neither par-
adoxically responding nor tolerant, and only 2% were toler-
ant, but not paradoxically responding.

The reason enterococci have relatively high MICs to
Pen G and several other penicillins, such as ampicillin (see
Chapter 5, Ampicillin and Amoxicillin), and are completely
resistant to antistaphylococcal penicillins (e.g. methicillin,
flucloxacillin) and all cephalosporins (except some new
agents such as ceftobiprole; see Chapter 33, Ceftobiprole) is
the diminished affinity of their PBPs for these drugs. PBP5
is of special importance; it has low affinity for penicillins
and is responsible for the relatively high MICs of E. faecalis
and E. faecium to Pen G. If enterococcal cells manufacture

more PBP5, they develop intrinsic resistance to Pen G and
ampicillin. This indicates that PBP5 has the potential capac-
ity to take over the functions of all other PBPs and therefore
can fully compensate for their activity in cells overproduc-
ing PBP5 (Al-Obeid et al., 1990a; Al-Obeid et al., 1990b;
Moellering, 1991; Fontana et al., 1992; Fontana et al., 1994).
In one in vitro experiment it was possible to derive an E. fae-
cium strain that had no PBP5. This strain could function
normally and was very sensitive to all penicillins and cepha-
losporins (Fontana et al., 1985).

Enterococci with this intrinsic Pen G resistance have
caused outbreaks in hospitals (Oster et al., 1990). In one hos-
pital the Pen G susceptibility of E. faecium was studied from
strains isolated for 22 years starting in 1968. From 1969 to
1988 the geometric mean MIC was 14 pug/ml; it was 123 pg/ml
from 1989 to 1990. In the more recently isolated resistant
strains, the penicillin-binding affinity of PBP5 was notably
lower (Grayson et al., 1991a). Two E. faecium isolates were
described that had high-level resistance to Pen G due to
altered PBP5, and these strains were also resistant to vanco-
mycin (Handwerger et al., 1992). Nosocomial outbreaks due
to E. faecium have been reported in which the strains had
a high intrinsic resistance to Pen G and were also resistant
to gentamicin and vancomycin (Handwerger et al., 1993;
Landman et al., 1993). Experimental endocarditis in animals
due to such strains partially responded to a ciprofloxacin,
rifampicin, and gentamicin combination, but the infection
was not eradicated in 5 days (Whitman et al., 1993). If the
strain of E. faecium is not high-level gentamicin resistant
(MIC > 250-500 pg/ml) and if the Pen G MIC is lower than
200 pg/ml, then the Pen G and gentamicin combination is
synergistic. It may be possible to treat infections by such
strains with high-dose Pen G plus gentamicin (Torres et al.,
1993). However, if high-level gentamicin resistance is pres-
ent, then synergism is not observed (Mederski-Samoraj and
Murray, 1983).

In vitro experiments have shown that increase in Pen G
resistance of E. faecalis with changes in PBPs can be obtained
by exposure of the strain to stepwise increasing concentrations
of Pen G or, to a lesser extent, by exposure to unchanging
concentrations for a prolonged time. Pulsed administration
of Pen G did not select intrinsic resistance (Hodges et al.,
1992).

The uncommon enterococcal species E. avium and E. raf-
finosus have different Pen G susceptibilities. The MIC range
for the former is 0.5-2 pg/ml, and for the latter, 4-64 ug/ml.
Enterococcus raffinosus appears to have a PBP7, which is a
low-affinity PBP, and this may play a role in the relative Pen
G resistance of this species (Grayson et al., 1991b; Patel et al.,
1993).

Klare et al. (1992) considered that the overproduction of
PBP5 is not the only intrinsic resistance mechanism for
enterococci. These authors found that overproduction of PBP5
occurred in E. faecium strains that were moderately Pen G
resistant, but when MICs were 128 pug/ml this was no longer
so and other mechanisms were involved.



Another mechanism of Pen G resistance in the entero-
coccli is beta-lactamase production. This was first described
by Murray and Mederski-Samoraj (1983) for one strain of
E. faecalis. Soon such strains were found in other areas in the
USA and elsewhere (George and Uttley, 1989; Murray, 1989;
Murray, 1991; Moellering, 1992). There was one large out-
break of colonization with beta-lactamase-producing entero-
cocci in a children’s hospital in Boston (Rhinehart et al., 1990).
Another study found evidence for clonal spread of a single
strain of beta-lactamase-producing E. faecalis to six hospitals
in five states in the USA (Murray, 1991).

The beta-lactamase produced by some E. faecalis strains is
similar to that produced by S. aureus, and it is encoded on
plasmids, which can be transferred by conjugation (Murray
et al., 1986; Zscheck et al., 1988; Patterson et al., 1990;
Murray, 1992). One E. faecalis strain was found to contain
three conjugative plasmids and a conjugative transposon.
These encoded beta-lactamase production, gentamicin resis-
tance, and resistance to other antibiotics (Murray et al.,
1988). All such E. faecalis strains have not arisen from a sin-
gle strain because there is significant variation in the plas-
mids that encode beta-lactamase (Smith and Murray, 1992).
By contrast, other authors have found that, in E. faecalis
strains producing beta-lactamase, the beta-lactamase gene
was integrated into the bacterial chromosome (Rice et al.,
1991b; Chow et al., 1993; Rice and Marshall, 1994).

Similar to S. aureus beta-lactamase, the enzyme produced
by E. faecalis can be inhibited by beta-lactamase inhibitors
such as clavulanic acid (see Chapter 13, Beta-Lactamase
Inhibitors) (Murray, 1991). This can be used in treatment.
Patterson et al. (1988b) reported two strains of E. faecalis that
produced beta-lactamase. One also had high-level gentami-
cin resistance, but the other did not. With the latter, it was
possible to demonstrate synergistic killing with a combina-
tion of Pen G, clavulanic acid, and gentamicin, but not with
the former. Unfortunately, the majority of beta-lactamase-
producing strains of E. faecalis also show high-level gentami-
cin resistance (Patterson et al., 1988a; Murray, 1989; Rice et
al., 1991a; Chow et al., 1993).

At least one E. faecalis strain has been reported that pro-
duced beta-lactamase and was also resistant to vancomycin
(Handwerger et al., 1992). Beta-lactamase production has
been largely reported in E. faecalis and not with other entero-
coccal species. Coudron et al. (1992) reported one isolate of
E. faecium that produced beta-lactamase. This was plasmid
mediated and transferable into other plasmid-free E. faecium
strains. The strain also showed high-level aminoglycoside
resistance. Overall, however, there have been very few reports
of beta-lactamase-producing strains of enterococci causing
clinical problems.

Nonenterococcal group D streptococci

Unlike the enterococci, nonenterococcal group D strepto-
cocci, such as S. gallolyticus (bovis), which may cause endo-
carditis, are nearly always highly sensitive to Pen G (Tuazon
et al., 1986). Similar to VGS, Pen G acts synergistically with
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any of the aminoglycosides against nonenterococcal group D
streptococci (Moellering et al., 1974).

Leuconostoc and Micrococcus spp.

Leuconostoc species are members of the family Strepto-
coccaceae, and they only rarely cause infections, mainly in
compromised hosts. These bacteria are moderately suscep-
tible to Pen G, with MICs ranging from 0.25 to 1.0 pug/ml
(Handwerger et al., 1990), but are frequently vancomycin
resistant. Micrococcus is usually Pen G sensitive (Von Eift et
al., 1995). Stomatococcus mucilaginosus (previously Micro-
coccus mucilaginosus and now called Rothia dentocariosa),
rarely causes septicemia in neutropenic patients. Its sensitiv-
ity to Pen G is variable, but this organism is always suscepti-
ble to vancomycin (McWhinney et al., 1992; Henwick et al.,
1993; Tan et al., 1994; Ramanan et al., 2014).

Staphylococcus aureus

Originally S. aureus was very sensitive to Pen G, but the
prevalence of Pen G-resistant S. aureus strains in hospitals
increased during the period 1942-1958, reaching a value of
> 70% of all isolates. Resistance was due to the production of
beta-lactamases (penicillinases) that rapidly hydrolyze Pen G
(Richmond, 1979), and this was mediated by conjugative
plasmids (Kaplan and Tenenbaum, 1982). A variety of beta-
lactamase plasmids have now been found in naturally occur-
ring strains of Pen G-resistant S. aureus. Although most
often found are class II plasmids, an increasing number of
strains have been described in which the genes for beta-
lactamase production are located on the chromosome. A
beta-lactamase transposon may also be present in some
strains (Lyon and Skurray, 1987; Weber and Goering, 1988).
S. aureus produces four types of beta-lactamase (A, B, C, and
D). Types A, B, and C exhibit similar activity against Pen G,
but type D hydrolyzes the drug less rapidly. These four
beta-lactamases vary as to how rapidly they hydrolyze other
beta-lactams—for example, the cephalosporins (Zygmunt et
al., 1992).

Over the years, the majority of S. aureus strains, even out-
side hospitals, became beta-lactamase producers and resis-
tant to Pen G (Bengtsson et al., 1977; Helling et al., 1980).
One survey in Denmark found that 87% of isolates were Pen
G resistant, and this percentage was the same among strains
isolated in the community as among those isolated in hospi-
tals (Rosdahl et al., 1990). Another Danish survey showed
that during the period 1977-1990 the frequency of Pen G
resistance increased from 78.7% to 87.5% among a total of
278,193 S. aureus strains isolated from hospitalized patients
(Renneberg and Rosdahl, 1992). In some recent reports, an
unusually high proportion of penicillin-susceptible S. aureus
have been noted, suggesting penicillin therapy may be effec-
tive. However, a number of authors have expressed caution
over the correct interpretation of these findings, citing con-
cerns that some clinical laboratories may not be accurately
assessing penicillin susceptibility in these isolates. This is
reflected in recent American Heart Association guidelines
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(Goodman and Nomura, 2012; Chabot et al., 2015; Baddour
et al. 2015).

S. aureus may also be Pen G tolerant. Staphylococci exhib-
iting this phenomenon have deficient cell wall autolytic
enzyme activity. This enzyme augments bacterial cell wall
damage initiated by Pen G, and the combined action pro-
duces alethal effect on bacteria (Sabath et al., 1977). Although
the penicillins inhibit these organisms in usual concentra-
tions, they are not bactericidal. Further aspects of tolerance
of S. aureus to the penicillin group of drugs are discussed in
section 2b.

Resistance of S. aureus can also be intrinsic owing to PBP2
changes that render them resistant to Pen G and to all other
penicillins, including the penicillinase-resistant penicillins
(see Chapter 7, Isoxazolyl Penicillins: Oxacillin, Cloxacillin,
Dicloxacillin, and Flucloxacillin, and Chapter 8, Nafcillin) and
cephalosporins, the so-called methicillin-resistant S. aureus
(MRSA). This involves the insertion of one of several SCCmec
genes, and these strains have now become dominant in many
parts of the world.

Coagulase-negative staphylococci

These constitute a heterogeneous group of organisms among
which over 15 different species are recognized (Parisi, 1985).
Three, Staphylococcus epidermidis (S. albus), S. haemolyticus,
and S. saprophyticus, are common pathogens; the former two
are associated with the use of indwelling foreign devices, and
the latter is associated with urinary tract infections. The
majority of S. epidermidis strains are Pen G resistant (> 80%
of isolates in the UK) because, similar to S. aureus, they pro-
duce plasmid-mediated beta-lactamases (Price and Flournoy,
1982; Richardson and Marples, 1982). Exchange of R plas-
mids may occur in vivo between S. epidermidis and S. aureus
(Totten et al., 1981). S. epidermidis usually also possess intrin-
sic resistance to the penicillins, rendering them methicillin
resistant by insertion of the same SCCrmec genes as in S. aureus.
S. saprophyticus was originally regarded as being always Pen
G sensitive (Wallmark et al., 1978). Subsequently, an inter-
mediate level of resistance for these organisms was described,
but the distinction of sensitive and resistant strains by the
usual laboratory tests is difficult. Resistance seems to be due
to a beta-lactamase, but its activity and quantity appear to be
much less than that produced by S. epidermidis. The clinical
significance of this resistance in S. saprophyticus is uncertain
(Richardson and Marples, 1980; Price and Flournoy, 1982).
Cristino et al. (1989) described 100% susceptibility of 150
strains to penicillin in 1989. Methicillin resistance due to
carriage of SCCmec has also been described (Higashide et al.,
2008). S. haemolyticus is usually Pen G resistant; many strains
are also methicillin resistant, and some are now also vanco-
mycin and teicoplanin resistant (Isaac et al., 1993).

Staphylococcus lugdunensis

Staphylococcus lugdunensis causes endocarditis, septicemia,
deep tissue infections, and osteomyelitis. Of 59 strains tested
by Herchline et al. (1990), 76% were beta-lactamase negative
and Pen G sensitive, but 24% produced beta-lactamase and

were Pen G resistant. While most strains are susceptible to
oxacillin and vancomycin, some are now oxacillin resistant
(Tan et al., 2008b; Yeh et al., 2016; Sato et al., 2016; Frank et
al., 2008; Patel et al., 2000; Shah et al., 2010).

ANAEROBIC GRAM-POSITIVE COCCI

Anaerobic Gram-positive cocci, which include Peptococcus
and Peptostreptococcus spp. and anaerobic streptococci, were
nearly always highly susceptible to Pen G (Tally et al., 1975;
Sutter and Finegold, 1976), but more recently resistance rates
of 10-24% have been reported (Greenwood and Palfreyman,
1987; Panichi et al., 1990). Others have also reported signifi-
cant penicillin resistance in Finegoldia magna (16%), Micro-
monas micros (8%), and Peptostreptococcus anaerobius (Reig
and Baquero, 1994; Wren, 1996). No beta-lactamase has
been described in anaerobic Gram-positive cocci, suggest-
ing altered PBPs as the main mechanisms of resistance. A
10-country European survey of 299 isolates mainly described
F. magna and Parvimonas micra (formerly Peptostreptococcus
micros) (Brazier et al., 2008). All were susceptible to metro-
nidazole and vancomycin, but 7% (n = 21) were resistant to
penicillin (n = 13) and/or clindamycin (n =12). From a recent
Australian survey of oral anaerobes, 74.5% of 106 Prevotella
spp. isolates were penicillin susceptible. Overall 77.6% of
201 oral anaerobes were penicillin susceptible (Warnke et al.,
2008).

GRAM-POSITIVE BACILLI

Corynebacterium diphtheriae is consistently sensitive to Pen G.
Other corynebacteria vary in sensitivity, and 17 of 24 strains
were found to be tolerant (Maple et al., 1994; Hoban and
Felmingham, 2002). This may be an explanation for the
well-described failure of penicillin to eradicate the carriage
state. An amoxicillin-tolerant strain causing endocarditis has
also been described (Dupont et al., 1995). Arcanobacterium
(formerly Corynebacterium) haemolyticum, which causes
pharyngitis, is Pen G sensitive (Carlson et al., 1995). Coryne-
bacterium pseudodiphthericum, which may cause endocardi-
tis, is usually susceptible (Colt et al., 1991; Morris and Guild,
1991; Manzella et al., 1995). Corynebacterium kerosis may
also be Pen G sensitive (Booth et al., 1991). Corynebacterium
striatum is usually Pen G sensitive, but resistance has been
described (Watkins et al., 1993; Rufael and Cohn, 1994;
Otsuka et al., 2006; Gomez-Garcés et al., 2007). Corynebac-
terium bovis varies in its sensitivity, whereas the corynebac-
teria of group JK (C. jeikeium) are always Pen G resistant
(Lipsky et al., 1982; Lavollay et al., 2009).

Although most strains of Bacillus anthracis are susceptible
to Pen G in vitro (Doganay and Aydin, 1991), they appear to
have an inducible low-level penicillinase (class A) and a ceph-
alosporinase (class B), which is more obviously expressed,
leading to in vitro cephalosporin resistance (Bell et al., 2002;
Coker et al., 2002). Two beta-lactamases, which are related to
those found in B. cereus, are described in detail by Chen et al.
(2003). Penicillin has therefore fallen out of favor as first-line
monotherapy for serious disease due to B. anthracis. Athamna
et al. (2004b) found that resistance to many different anti-



biotics was easily selected in vitro, and in another study the
same group showed ceftriaxone to be the least active agent
against two standard strains. Moxifloxacin, quinupristin—
dalfopristin, and rifampicin were the most rapidly bacteri-
cidal (Athamna et al., 2004a; Athamna et al., 2004b). Cavallo
et al. (2002) reported 11.5% resistance to penicillin and
amoxicillin in 96 French strains isolated between 1994 and
2000, and Mohammed et al. (2002) found 2 of 65 strains
resistant to Pen G. One of 50 historical isolates was beta-
lactamase-positive (penicillin MIC 128 pg/ml). Seventy-eight
percent of isolates showed reduced susceptibility to ceftri-
axone (MIC = 16 pg/ml). All 15 isolates from the USA
were penicillin, doxycycline, and ciprofloxacin susceptible
although Coker et al. (2002) found 3 of 25 diverse isolates to
be penicillin resistant. All were beta-lactamase negative. All
28 strains from cutaneous lesions from an endemic area
were susceptible to penicillin (MIC < 0.03 pg/ml) (Mustafa
et al., 2002).

Other Bacillus spp. can also cause serious infections in
humans, such as endocarditis, meningitis, and surgical wound
infections. Weber et al. (1988) studied 89 strains, all isolated
from blood cultures of patients. Bacillus cereus (54 strains)
was the most common species and was Pen G resistant, but
it was susceptible to imipenem, vancomycin, chlorampheni-
col, gentamicin, and ciprofloxacin. The rarer species, such as
B. megaterium, B. polymyxa, B. pumilus, and B. subtilis, were
generally Pen G sensitive, but there was variability among the
species. Erysipelothrix rhusiopathiae seems to remain fully
susceptible to penicillin (Gransden and Eykyn, 1988; Venditti
et al., 1990; Yamamoto et al., 2000).

Listeria monocytogenes is usually Pen G sensitive (Prichard
et al., 1983; Larsson et al., 1985). This organism has five
PBPs and PBP3 is an essential protein in the sense that it is
able to support normal growth of L. monocytogenes by itself
and therefore becomes the lethal target for beta-lactams.
Cephalosporins, unlike Pen G, interact poorly with PBP3, so
L. monocytogenes is resistant to cephalosporins. The organ-
ism is sensitive to imipenem and meropenem. In a labora-
tory an imipenem-resistant mutant of L. monocytogenes was
produced, and this mutant had altered PBP3, which also had
reduced affinity for Pen G (Vicente et al., 1990).

L. monocytogenes may show tolerance to Pen G and some-
times this may be to a very high degree (Stamm et al., 1982),
but if subcultures are performed after 48 hours rather than
24 hours incubation, Pen G is bactericidal to most strains of
L. monocytogenes. In this respect, L. monocytogenes is similar
to S. aureus. The detection of tolerance depends on the labo-
ratory test used and may be of marginal clinical significance
(Winslow et al., 1983). Pen G and gentamicin act synergisti-
cally against L. monocytogenes both in vitro and in experi-
mental animal infections (Edmiston and Gordon, 1979; Scheld
et al., 1979). However, the clinical importance of this has
been debated.

Nocardia spp. are Pen G resistant (Gutmann et al., 1983).
Rhodococcus equi is a Gram-positive aerobic coccobacillus.
It was previously known only as an animal pathogen, but is
now well described as a cause of infections, especially among
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the immunocompromised, including patients with AIDS, in
whom it usually causes a necrotizing pneumonia. Rhodo-
coccus equi is Pen G resistant but is generally susceptible to
vancomycin, erythromycin, aminoglycosides, and chloram-
phenicol (Emmons et al., 1991). The rare human pathogen
Rothia dentocariosa is usually, but not always, Pen G sensitive
(Pape et al., 1979; Schafer et al., 1979; Anderson et al., 1993;
Sudduth et al., 1993).

Anaerobic Gram-positive spore-forming bacilli, such as
Clostridium tetani, C. perfringens (welchii), C. septicum, C.
botulinum, C. innocuum, and C. ramosum, are nearly always
Pen G sensitive (Swenson et al., 1980; Gabay et al., 1981;
Dylewski et al., 1989; Finegold, 1989; Nord and Hedberg,
1990). Resistant strains of C. perfringens and other Clos-
tridium spp. have been detected (Silpa et al., 1982; Finegold,
1989); relatively resistant strains of C. perfringens have also
been reported. Brown and Waatti (1980) tested 44 C. perfrin-
gens strains. Only 68% were inhibited by < 0.25 pg/ml Pen G,
the remainder requiring either 0.5, 1.0, or even 4.0 pg/ml for
inhibition. The MICs of 45 C. perfringens strains tested by
Marrie et al. (1981) were in the range 0.15-9.0 pg/ml; half
were inhibited by 0.15 pg/mland 90% by 5.0 ug/ml. Therefore,
routine sensitivity testing of clinical isolates of C. perfringens
is advisable. C. perfringens contains six PBPs. Resistance to
Pen G in C. perfringens is mediated by a decreased affinity of
the largest PBP, PBP1, for the antibiotic (Nord and Hedberg,
1990). C. butyricum may be Pen G resistant owing to beta-
lactamase production (Finegold, 1989). C. tertium is only
moderately Pen G susceptible, the MICs ranging from 0.25
to 8 ug/ml (Speirs et al., 1988). C. sordellii is nearly always
Pen G sensitive (Spera et al., 1992). C. difficile isolates from
patients with antibiotic-associated diarrhea or colitis are often
susceptible to Pen G in vitro (MIC,, 4 pg/ml); this has no
clinical relevance (Dzink and Bartlett, 1980; Levett, 1988;
Jamal et al., 2002; Pirs§ et al., 2013; Norén et al., 2010; Cheng
et al. 1999).

Pen G is active against nearly all strains of anaerobic
Gram-positive asporogenous bacilli, such as Actinomyces,
Eubacterium, Arachnia, Propionibacterium, Bifidobacterium,
and Lactobacillus spp. (Sutter and Finegold, 1976; Holmberg
et al., 1977; Denys et al., 1983; Brook and Frazier, 1991; Fife
et al., 1991; Brook and Frazier, 1993). Lactobacilli are being
recognized increasingly as important pathogens causing
infections such as bacterial endocarditis and neonatal men-
ingitis (Broughton et al., 1983; Griffiths et al., 1992). Their
MIC:s for Pen G are quite low (0.3-1.0 pg/ml), but MBCs for
about 75% of strains are high (Bayer et al., 1978), indicating
tolerance. Pen G (or ampicillin) combinations with either
streptomycin or gentamicin are synergistic in vitro against
tolerant Lactobacillus spp. strains (Bayer et al., 1980; Griffiths
etal., 1992).

GRAM-NEGATIVE COCCI
Neisseria spp.

Neisseria meningitidis was fully susceptible to Pen G for
many years but, increasingly, reports of low-level resistant
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Table 3.5. Summary of key studies of penicillin resistance among strains of N. meningitides

Reference Country Study period
Guibourdenche et al. (1997)  France 1994

1995

1996
Latorre et al. (2000) Barcelona, Spain 1986-1997
Arreaza et al. (2000) Spain 1994-1997

1996-1997
Richter et al. (2001) North America 1998-1999
Kyaw et al. (2002) Scotland 1994-1999
Punar et al. (2002) Turkey 1997
Antignac et al. (2003) France 1999-2002
Gazi et al. (2004) Turkey Uncertain
Ferreira et al. (2006) Portugal 2001-2002
Australian Meningococcal Australia 2005

Surveillance Programme
(2005)

Lahra et al. (2013) Australia 2012
Du Plessis et al. (2012) South Africa 2005-2008
Gorla et al. (2011) Brazil 2006-2008
Ibarz-Pavén et al. (2011) Mozambique 1998-2008

No. % Resistant
isolates  (low level)? Comment
82 4 52 invasive (blood/CSF)
11 30 miscellaneous
18
498 9.1in 1986 Invasive serogroup B: 22.1% of resistant
71.4in 1997 strains; serogroup C: 52% of resistant

strains
901 55.3 invasive
39.0 carriers

Resistance most common in serogroup C

53 30.2 Invasive
557 8.3 Invasive isolates: 52.2% serogroup B,
39.2% serogroup C, 7.8% serogroup
W135
30 43 Invasive: 17% resistant
Nasopharyngeal carriage: 61% resistant
2167 31.2 Invasive isolates: 20.1% intermediate to
amoxicillin; most resistance in
serogroups C or W135
71 22.5
118 24.6 Isolates all invasive; predominant

resistant strains were serogroups
C:26:P1.5, ST-8 C/C A4
214 two-thirds

116 81.9 Invasive; one isolate was fully resistant
1147 Invasive
1096 13 Invasive
37 5 Invasive; one isolate fully resistant

2No high-level resistance (> 2 pg/ml or beta-lactamase positive)

strains are now appearing (see Table 3.5 and Section 2b).
N. meningitidis is occasionally isolated from the genitouri-
nary tract and/or anal canal of patients tested for gonorrhoea
(William et al., 1979), so it is possible that plasmids can be
transferred from gonococci to meningococci in vivo. A strain
of N. meningitidis was isolated in Canada that harbored the
4.5 megadalton beta-lactamase-producing plasmid and the
transfer factor, which are present in beta-lactamase-producing
gonococci (Dillon et al., 1983). It was then demonstrated
by Roberts and Knapp (1988) in vitro that beta-lactamase-
producing N. gonorrhoeae could easily transfer resistance
plasmids to N. meningitidis. Subsequently, Botha (1988) from
South Africa described three patients with clinical meningo-
coccal meningitis. Two had organisms with MICs to Pen G
> 256 pg/ml and produced beta-lactamase. The third organ-
ism had an MIC of 0.25 ug/ml and had intrinsic relative
resistance. A further report of beta-lactamase-producing
N. meningitidis came from Spain (Fontanals et al., 1989), but
other reports mainly describe isolates relatively resistant
to Pen G due to intrinsic resistance. Van Esso et al. (1987)
reported four clinical isolates of meningococci with MICs
ranging from 0.25 to 0.5 pg/ml. They did not produce

beta-lactamase, and intrinsic resistance due to altered PBPs
appeared likely. Ten similar clinical isolates were reported
from Spain by Uriz et al. (1991). The frequency of this type of
meningococcal strain in Spain increased from 0.4% in 1985
to 55.3% in 1994-1997. These relatively resistant strains were
found among both serogroup B and C isolates (Berron and
Vazquez, 1994; see Table 3.5). Meningitis caused by these
strains still responded to Pen G, but defervescence was slower.
If the MIC of the meningococcus is > 0.5 ug/ml, the disease
may not respond to Pen G and alternative therapy, such as
chloramphenicol, may be needed (Buck, 1994), although
some argue that any reduced susceptibility should lead to an
alternative choice of therapy. All the Pen G-resistant strains
were susceptible to chloramphenicol, rifampicin, cefotaxime,
and ceftriaxone.

Relatively Pen G-insensitive meningococci have now been
reported from many countries (see Table 3.5). Special disk
susceptibility tests should be used to detect these relatively
resistant meningococci (Campos et al., 1987; Campos et
al.1992b). This relative resistance is due, at least in part, to a
decreased affinity of PBP2 for Pen G. Similar low-affinity
forms of PBP2 are also found in Pen G-resistant isolates of



N. lactamica, N. polysaccharea, and N. gonorrhoeae (Saez-
Nieto et al., 1992). There is, however, a much greater genetic
diversity in the penA gene of N. meningitidis than of N. gon-
orrhoeae, possibly due to the opportunities to acquire DNA
from commensal Neisseria spp. in the upper respiratory tract,
such as N. flavescens and N. cinerea. Campos et al. (1992a)
studied 42 Pen G-resistant strains obtained in Spain. These
studies showed considerable diversity in the PBP2 genes and
in the overall genetic relatedness of Pen G-resistant menin-
gococci isolated from one hospital in two years. This suggests
that both horizontal spread of altered PBP2 genes and clonal
spread are important in the epidemiology of Pen G-resistant
meningococci. Zhang et al. (1990), who also found similar
genetic diversity among Pen G-resistant meningococci, noted
that some strains isolated in the UK and others in Spain were
similar and appeared to belong to the same Pen G-resistant
clone.

Originally N. gonorrhoeae was always sensitive to Pen G
(Catlin and Reyn, 1982), but this has changed drastically,
such that Pen G is now no longer recommended as empiric
treatment of this disease (Workowski et al., 2015). Studies
demonstrating the increase in antimicrobial resistance in
N. gonorrhoeae are summarized in section 2b.

Neisseria mucosa, usually a saprophytic organism, can
occasionally cause human infections such as meningitis and
endocarditis. It may be sensitive to Pen G, but some strains
need as much as 4 pg/ml for inhibition. Some strains are also
completely Pen G resistant because they contain a plasmid
that codes for the production of beta-lactamase (Pintado
et al., 1985; Stotka et al., 1991; Ingram et al., 1992). The rare
human pathogen N. lactamica is usually Pen G sensitive
(Denning and Gill, 1991), but some strains may be relatively
or completely resistant owing to an altered PBP2 (Lujan et
al., 1991). The other unusual pathogens N. elongata (Struillou
et al., 1993) and N. sicca (Heiddal et al., 1993) are usually Pen
G sensitive.

ANAEROBIC GRAM-NEGATIVE COCCI

Gram-negative anaerobic cocci such as Veillonella spp. were
usually sensitive to Pen G (Sutter and Finegold, 1976) but
resistance is now described (Reig et al., 1997), usually in the
absence of beta-lactamase production, and may be quite
common (Nyfors et al., 2003). Up to 68% of Veillonella spp.
in 49 healthy infants were penicillin resistant, resistance
increasing with age, although MICs were clustered around
the 2 ug/ml breakpoint; but strains with an MIC > 8 pg/ml
have been described (Reig et al., 1997). Ready et al. (2004)
found that 79% of 24 V. parvula isolates obtained from chil-
dren penicillin resistant, but they had been selected for study
astheywere amoxicillin resistant. A strain of Acidaminococcus
fermentans was described as penicillin resistant due to class
A Dbeta-lactamase production (Gallan et al., 2000).

GRAM-NEGATIVE COCCOBACILLI

Acinetobacter spp. are Pen G resistant. Moraxella catarrhalis
(Branhamella catarrhalis) may be Pen G sensitive, but most
strains are Pen G resistant as a result of beta-lactamase

2. Antimicrobial activity 33

production (Jorgensen et al., 1990). Other Moraxella spp.
are usually Pen G susceptible (Graham et al., 1990). Kingella
kingae is a Gram-negative coccobacillus that occasionally
causes human infections such as endocarditis and septic
arthritis that is always Pen G sensitive (Morrison and Wagner,
1989; Meis et al., 1992). Actinobacillus actinomycetemcomi-
tans, a rod-shaped coccobacillus, a human pathogen in peri-
odontal disease and also a rare cause of other infections such
as endocarditis, is generally Pen G sensitive, but some strains
have rather high MICs and some are completely resistant
(Kaplan et al., 1989b; Pavicic et al., 1992; Collazos et al.,
1994).

GRAM-NEGATIVE BACILLI

The Enterobacteriaceae, such as Escherichia coli and Sal-
monella, Shigella, Enterobacter, Klebsiella, Proteus, Serratia,
Citrobacter, Providencia, Yersinia, Hafnia, Edwardsiella, and
Arizona spp., are resistant to Pen G. The same applies to most
other Gram-negative bacilli, such as Brucella spp., Vibrio
cholerae, Burkholderia pseudomallei, and P. aeruginosa.

Gram-negative bacilli are resistant to Pen G and certain
other beta-lactam antibiotics either because they possess
intrinsic resistance and/or because they produce beta-
lactamases. Intrinsic resistance is often due to the inability of
the antibiotic to penetrate the bacterial cell envelope—such
impermeability is much more pronounced in P. aeruginosa
than in E. coli (Curtis et al., 1979a; Curtis et al., 1979b;
Hancock, 1986; Godfrey and Bryan, 1987; Hancock and
Woodruff, 1988; Livermore, 1988). The intrinsic resistance
of Serratia marcescens to Pen G, like that of P. aeruginosa,
is mainly due to a permeability barrier (Takata et al., 1981).
In the case of P. mirabilis, P. vulgaris, Morganella morganii,
Providencia rettgeri, and Providencia alcalifaciens, difficulty
in penetrating their outer membrane also plays a significant
role in their resistance to Pen G and other beta-lactam anti-
biotics (Mitsuyama et al., 1987). Resistance to beta-lactam
antibiotics attributable to changes in PBPs of P. aeruginosa
has been described (Godfrey et al., 1981), but with most
strains there is no difference in PBPs between highly Pen G-
resistant and more sensitive strains (Zimmerman, 1980; Curtis
et al., 1981). All Gram-negative bacilli, including anaerobes
such as Bacteroides spp., produce beta-lactamases (Sykes,
1982; Acar and Minozzi, 1986; Bush, 1988).

Haemophilus influenzae and Bordetella pertussis are often
usually regarded as Pen G resistant, but they are inhibited
by relatively low, clinically achievable Pen G concentrations
(see Table 3.3). Beta-lactamase-producing strains of H. influ-
enzae are highly resistant to Pen G. The same applies to
H. influenzae strains that have high-level intrinsic resistance
to ampicillin (see Chapter 5, Ampicillin and Amoxicillin).
Haemophilus ducreyi may be susceptible, but the majority of
strains now produce plasmid-mediated beta-lactamases and
are Pen G resistant (Dangor et al., 1990). Pasteurella multo-
cida is usually Pen G sensitive (Rafhi et al., 1987; Kumar et al.,
1990), but strains isolated from septic arthritis or osteo-
myelitis may have higher MICs (0.02-0.7 pg/ml) than those
(0.02-0.08 pg/ml) found in isolates obtained from superficial



34 Benzylpenicillin (Penicillin G)

wounds (Spagnuolo and Friedman, 1979). Resistant strains
of P. multocida occur but are rare (Stevens et al., 1979; Lion
et al. 1999; Rosenau et al., 1991).

Legionella pneumophila appears susceptible to Pen G in
vitro (MIC 0.5-2.0 pg/ml), but the drug does not prevent
death of guinea pigs inoculated with this bacterium (Fraser
et al., 1978; Thornsberry et al., 1978). Legionella pneumophila
produces a beta-lactamase that is primarily a cephalospori-
nase, but it also slowly inactivates Pen G (Fu and Neu, 1979).
Legionella micdadei (Tatlockia micdadei or Pittsburg pneu-
monia agent) does not produce beta-lactamase and is quite
sensitive to Pen G in vitro, but Pen G is ineffective in vivo
(Dowling et al., 1982).

Capnocytophaga spp. including C. canimorsus (formerly
DF-2), a Gram-negative rod that has been associated with
severe septicemia following dog bites, particularly in patients
who have undergone prior splenectomy, are usually Pen G
sensitive but can produce beta-lactamase (Butler et al., 1977;
Kalb et al., 1985; Westerink et al., 1987).

Campylobacter fetus is resistant to Pen G (Chow et al.,
1978), as is Campylobacter coli (Lachance et al., 1993) and
Campylobacter jejuni (Karmali et al., 1981). Helicobacter
pylori is quite sensitive to Pen G in vitro, but the drug is not
useful clinically for treatment of infection by this organism
(McNulty et al., 1985).

Eikenella corrodens is an aerobic Gram-negative rod that
is a normal inhabitant of human oral cavity; it may cause
periodontitis, human bite wound infections, or more serious
infections such as endocarditis. Most strains are sensitive
to Pen G, but some strains produce a constitutive beta-
lactamase and are Pen G resistant. Plasmids have not been
detected in the strains producing the enzyme (Joshi et al.,
1991; Lacroix and Walker, 1991). Luong et al. (2001) reported
that 100% of 106 isolates of Eikenella corrodens were amoxi-
cillin susceptible.

Cardiobacterium hominis, an opportunistic Gram-negative
bacillus that has been implicated in diseases such as endocar-
ditis, is usually Pen G sensitive (Rechtman and Nadler, 1991),
although cases of endocarditis due to beta-lactamase-positive
isolates have been described (Lu et al., 2000). A high fre-
quency of beta-lactamase-producing strains has also been
described in patients with neutropenic bacteremia (Maury
et al., 1999) and some are even cefotaxime resistant. Other
HACEK group members are more predictably penicillin
resistant. Flavimonas oryzihabitans, another opportunistic
Gram-negative bacillus, is Pen G sensitive, but Chryseomonas
luteola is not (Hawkins et al., 1991).

ANAEROBIC GRAM-NEGATIVE BACILLI

Anaerobic Gram-negative bacilli vary in their susceptibility
to Pen G. Normal inhabitants of the oropharynx, such as Bac-
teroides melaninogenicus, Bacteroides oralis, Fusobacterium
nucleatum, and Fusobacterium necrophorum, are usually Pen
G sensitive (Sutter et al., 1981; Seidenfeld et al., 1982; Sutter
et al., 1983; Lewis et al., 1989; Bilgrami et al., 1992; Iralu et
al., 1993; Riordan, 2007). Bacteroides melaninogenicus and
Fusobacterium spp. can produce beta-lactamase and thereby

become Pen G resistant (Tunér et al., 1985; Finegold, 1989;
Foweraker et al., 1990). Bacteroides fragilis habitually pres-
ents in the gastrointestinal tract and is usually Pen G resis-
tant owing to a permeability barrier and the production of
beta-lactamases (Timewell et al., 1981; Finegold, 1989; Nord
and Hedberg, 1990). Highly Pen G-resistant strains (MIC >
128 pg/ml) produce about 10 times more beta-lactamase
than less-resistant strains (MIC 4-64 pg/ml) (Olsson et al.,
1979). Bacteroides bivius and B. disiens, which are frequently
encountered in endometrial specimens, are usually beta-
lactamase producers and resistant to Pen G (Snydman et al.,
1980). Other Bacteroides spp., less well known Fusobacterium
spp., and other Gram-negative anaerobic bacteria may be
Pen G sensitive, but many strains are resistant (Kirby et al.,
1980; George et al., 1981b; Finegold, 1989).

Results from a European-wide survey of 488 Prevotella
spp.» 174 Fusobacteria, 69 Porphyromonas spp., 33 non-fragilis
Bacteroides spp., 28 Bilophila spp., and 16 Campylobacter spp.
have been reported, with most of the penicillin resistance
probably due to beta-lactamase production as it was reversed
by clavulanic acid (King et al., 1999). However, many Prevotella
spp. are susceptible to clavulanate alone.

SPIROCHETES

Treponema pallidum and the leptospiras are consistently
sensitive to Pen G (Johnson, 1989). Borrelia hermisii, an etio-
logic agent of relapsing fever, is sensitive (MIC 0.15 pg/ml)
(Barbour et al., 1982). The same is true for Streptobacillus
moniliformis and Spirillum minus, the causes of rat bite fever
(Elliott, 2007). Borrelia burgdorferi, the spirochete that causes
Lyme disease, is reasonably susceptible to Pen G in vivo,
but in vitro antibiotic sensitivity testing is not standardized
(Benach et al., 1983; Steere et al., 1983a). Stiernstedt et al.
(1999) reported lower penicillin G MICs/MBCs with the
dialysis culture method than with broth macrodilution;
results were similar to those of microdilution. In vitro, this
organism may not be highly Pen G sensitive. One study
found an MBC of 6.4 pg/ml, and ceftriaxone, erythromycin,
and tetracycline are more active against this spirochete in
vitro (Johnson et al., 1987). In physiologic concentrations of
calprotectin (present in polymorphonuclear cell cytoplasm),
B. burgdorferi is not eliminated by therapeutic levels of peni-
cillin G (Montgomery et al., 2006).

OTHER BACTERIA

Mycobacteria are Pen G resistant, except that some strains of
the Mycobacterium avium complex are sensitive to relatively
low Pen G concentrations (1.0-10 pg/ml) (Kasik et al., 1980),
but this has no clinical significance.

Chlamydia are relatively resistant. For instance, Pen G
interferes with the normal growth of C. trachomatis, as evi-
denced by the production of abnormal nonfluorescent inclu-
sions, but normal growth pattern returns when Pen G is
removed (Johnson and Hobson, 1977). Rickettsiae are Pen G
resistant. Rickettsia prowazeki may be inhibited by 20 ug/ml
Pen G, but other Rickettsia spp. need much higher concen-
trations for inhibition (Wisseman et al., 1982).



Mycoplasma spp., fungi, and protozoa are all completely
Pen G resistant.

2b. Emerging resistance and
cross-resistance

The two key pathogens of clinical significance in which the
emergence of resistance to Pen G has had a dramatic clinical
effect are S. pneumoniae and N. gonorrhoeae.

STREPTOCOCCUS PNEUMONIAE

Streptococcus pneumoniae strains with intermediate resistance
to Pen G were first detected in Australia and Papua New
Guinea (Hansman et al., 1971; Hansman et al., 1974). The
prevalence of such pneumococcal strains in Papua New
Guinea soon rose to 10% (Gratten et al., 1980). Small num-
bers of such S. pneumoniae strains were soon also detected in
other countries such as New Mexico (Tempest et al., 1974),
the UK (Howes and Mitchell, 1976), Spain (Lifiares et al.
1983), and Israel (Dagan et al., 1994) as well as in North
America (Naraqi et al., 1974; Maki et al. 1980; Lauer and
Reller, 1980; Breiman et al., 1994). These pneumococcal
strains also become more prevalent in the USA. Of 103
pneumococcal isolates from patients in Oklahoma, 16 had
intermediate resistance to Pen G (Saah et al., 1980; Breiman
et al., 1994); in Houston, this was also detected in 13 (5.9%)
of 222 clinical isolates (Krause et al., 1982).

Pneumococci highly resistant to Pen G and to many other
antibiotics were detected in South Africain 1977 (Appelbaum
et al., 1977; Jacobs and Koornhof, 1978). Type 19a pneumo-
cocci, resistant to Pen G (MICs 4-8 pg/ml), cephalothin
(MICs 4-15 pg/ml), and chloramphenicol (MICs 9-37 ug/ml)
and less resistant to ampicillin (MICs 1-4 pg/ml), were iso-
lated from five children in a Durban hospital. Subsequently,
carriers of the same resistant strain were discovered in sev-
eral Durban hospitals. Other pneumococci with a wider
spectrum of resistance were found in Johannesburg during
the same period. A child with measles and pneumococcal
pneumonia following cardiac surgery recovered after treat-
ment with cephalothin and ampicillin. The type 19 pneumo-
coccus isolated from his sputum was relatively resistant to
both of these drugs, and it was resistant to Pen G (MIC 4-8
pg/ml), methicillin, erythromycin, clindamycin, tetracycline,
chloramphenicol, and cotrimoxazole. It was fully sensitive
only to rifampicin, vancomycin, and bacitracin and moder-
ately sensitive to sodium fusidate (MIC 2 pg/ml). Many car-
riers of this multiply resistant pneumococcus were detected
among both patients and staff in the same hospital, and a few
serious infections such as septicemia occurred, which were
difficult to treat. In Johannesburg, some patients were also
found to harbor Pen G- and tetracycline-resistant type 6
pneumococci.

Subsequent surveys in South Africa showed pneumococci
with at least five patterns of resistance: Pen G only; Pen G and
tetracycline; Pen G, tetracycline, and chloramphenicol; Pen
G and chloramphenicol; and Pen G, tetracycline, chloram-
phenicol, erythromycin, and clindamycin. Some strains from
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the last group (referred to as “multiply resistant”) also devel-
oped resistance to other antibiotics such as rifampicin. Pneu-
mococci with these various resistance patterns were either
type 6 or type 19a (CDC, 1978a).

In South Africa the problem of pneumococcal resistance
has gradually increased (Oppenheim et al., 1986; Klugman
and Koornhof, 1988). Nationwide surveys have shown that
either intermediate or complete resistance to Pen G among
South African strains of S. pneumoniae increased from 4.9%
in 1979 to 14.4% in 1990 (Appelbaum, 1992; Koornhof et al.,
1992). Multiply resistant strains belonged mainly to sero-
types 6B, 19A, 14, and, more recently, 23F.

S. pneumoniae isolates with both intermediate and high
levels of Pen G resistance have also greatly increased in Spain
and many other countries (Otin et al. 1988; Muioz et al.,
1991; Mufioz et al., 1992a; Pallares et al., 2003). Fenoll et al.
(1991) determined antibiotic susceptibilities for 2197 S. pneu-
moniae strains isolated from patients over an 11-year period
in Spain. The prevalence of Pen G-resistant pneumococci
rose from 6% in 1979 to 44% in 1989, and the degree of Pen
G resistance also increased throughout the study. Similar
results have been reported by other authors (Garcia-Leoni et
al., 1992; Linares et al., 1992) and infection with high-level
Pen G-resistant strains has been associated with the previous
use of beta-lactam antibiotics (Nava et al., 1994).

In France, Pen G-resistant pneumococci remained infre-
quent until 1986 but then increased to 12% in 1990. The fre-
quency of high-level resistance to Pen G among Pen G-
resistant isolates increased from 13% in 1988 to 48% in 1990
(Geslin et al., 1992). Problems with Pen G resistance have
also been noted in Hungary (where many Pen G-resistant
isolates were also resistant to tetracycline, erythromycin, and
cotrimoxazole), Romania (25-50% Pen G resistant), Poland,
other countries in eastern Europe, and the former Soviet
Union (Nowak, 1994; Marton et al., 1991; Marton, 1992;
Hryniewicz, 1994).

In the UK and most northern European countries, resis-
tant pneumococci have been detected, but their prevalence
remains less common than elsewhere (Appelbaum, 1992;
Nielsen and Henrichsen, 1993). Belgium (10%), Finland
(12%), and Ireland (16%) are exceptions, however. The 2006
EARSS report (2008) on invasive isolates noted that rates in
Finland, Italy, Slovenia, and Sweden were rising significantly,
whereas decreasing trends were detected in Belgium, France,
Spain, and the UK at that time. Penicillin resistance was con-
fined to just a few serogroups, namely 14, 9, 19, 6, and 23,
many of which have spread around the world. In a survey
in Australia only 1% of isolates had intermediate degree of
resistance and none was highly resistant (Collignon and Bell,
1992) but this is increasing. In a survey in Pakistan, 11.1% of
pneumococcal isolates showed intermediate Pen G resis-
tance (Mastro et al., 1993). In many developing countries the
position is not known (Appelbaum, 1992).

In the USA rates of resistance to Pen G have generally
increased over time (Spika et al. 1991). Two recent studies
showed similar proportions of penicillin nonsusceptible
S. pneumoniae isolates. Richter et al. (2014) studied 1,498
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clinical isolates from 42 US medical centers during the
2012-2013 respiratory season and noted an overall penicillin
nonsusceptibility rate of 35.0% (20.8% intermediate [MIC
0.12-1 pg/ml]; 14.2% resistant [MIC > 2 pg/ml]) using CLSI
meningeal breakpoints; 7.7% of isolates were penicillin inter-
mediate or resistant using the breakpoints for nonmeningeal
pneumococcal infections treated with parenteral penicillin.
Mendes et al. (2014) assessed 1,190 pneumococci from blood
or lower respiratory tract sources in hospitalized patients
from 2011 to 2012 and found penicillin nonsusceptibility
rates were 42.7% and 10% using the parenteral (> 4 ug/mL)
and oral breakpoints (> 0.12 ug/mL), respectively. Thus highly
resistant pneumococci have increasingly been identified in
the USA. In a day care center in Ohio, S. pneumoniae type
23E resistant to Pen G (MIC 2 pg/ml) and other antimicro-
bial agents, was isolated from the middle ear fluid of a child
with otitis media. In the subsequent survey of other children,
approximately 25% of children at this center were noted to
be nasopharyngeal carriers of this resistant pneumococcus
(Reichler et al., 1992). Other US authors have reported simi-
lar findings and the clinical implications of pneumococcal
penicillin resistance have been reviewed (Mason et al., 1992;
Haglund et al., 1993; Pallares et al., 2003).

Isolates of serotype 23F S. pneumoniae with high-level
resistance to Pen G probably originated in Spain. The same
pneumococcus was identified in children in Cleveland, Onio.
The Spanish and Cleveland isolates were compared by elec-
trophoretic analysis of TBP profiles and other tests. All strains
were identical, suggesting that this antibiotic-resistant clone
of serotype 23F S. pneumoniae spread from Spain to the
USA. Investigators at the CDC have found that a multiresis-
tant clone of S. pneumoniae serotype 23F that is related to
multiresistant isolates from Spain and South Africa became
disseminated in the USA (McDougal et al., 1992). There is
also evidence that a single multiresistant clone of pneumo-
coccus was introduced into Iceland from Spain in the late
1980s (Soares et al., 1993).

Over the past two decades, increasing pneumococcal
resistance to penicillin has now been reported in most coun-
tries, including key reports from Japan (1993-1995), Kenya
(1994-1996), Lebanon (1996-1998), Turkey (1997-2000),
Sweden (1995-2001), Israel (1995-2001), Costa Rica (1998-
2001), Brazil (1998-2004), France (2000-2002), Australia
(2001-2002), Spain (2001-2003), a large 40-country survey
(South Africa/Europe/Asia, 2001-2004), Turkey (2004-2005),
Nigeria (2009-2010), Algeria (2005-2012), and numerous
reports in variousUS states (Louisiana, 1995-1996; Michigan,
1997-1999; Texas, 1999) and US national surveys between
2000 and 2006 (Scott et al, 2000; Aldridge et al, 1998; Araj et
al., 1999; Nagai et al., 2000; Sahin et al., 2001; Esel et al., 2001;
Yee et al., 2004; Melander et al., 2004; Porat et al., 2004;
Schrag et al., 2004; Decousser et al., 2004; Brown and Rybak,
2004; Oteo et al., 2004; Castanheira et al., 2006; Farrell et al.,
2007; Messina et al., 2007; Sahm et al., 2007; Critchley et
al., 2007; Felmingham et al., 2007; Sener et al., 2007; Lliyasu
et al.,2015; Ramdani-Bouguessa et al., 2015).

Examination of Pen G-resistant clinical isolates of S. prneu-
moniae has revealed extensive strain-to-strain variation in
the number and molecular size of their PBPs. Resistant iso-
lates can thus be classified into groups, and it appears that
each group or clone is prevalent in a specific geographic area.
It appears that resistant strains have emerged independently
in different locations (Jabes et al., 1989; Hakenbeck et al.,
1991b; Waltman et al. 1992; Smith et al., 1993; Versalovic et
al., 1993; Chi et al., 2007), in addition to documented cases
of major clonal spread.

As both intermediate and highly resistant pneumococci
are also usually resistant to other unrelated antibiotics, treat-
ment of infections by these strains may be difficult. Many
Pen G-resistant pneumococci are often also resistant to
erythromycin, tetracycline, and cotrimoxazole, and often less
commonly chloramphenicol (Jorgensen et al., 1990; Schwartz
et al., 1991). Erythromycin and clindamycin resistance among
these strains is quite common in Spain (Latorre et al., 1985).
Pneumococcal strains with intermediate or high-level Pen G
resistance also show elevated MICs compared to other beta-
lactam antibiotics, including amoxicillin and ampicillin.
Cefotaxime and ceftriaxone are usually more active than
Pen G against these pneumococci and have been useful to
treat infections due to such strains. However, compared with
their activity against Pen G-susceptible strains, their activity
is reduced 50- to 150-fold (Landesman et al., 1981; Ward
and Moellering, 1981; Jacobs, 1992). Some newer cephalo-
sporins such as cefpirome and cefpodoxime also show good
activity against these strains (Appelbaum et al., 1989; Mason
et al., 1992; Goldstein and Garau, 1994). Resistance to cefo-
taxime and related compounds is also increasingly described,
although some such strains can even be penicillin and/or
amoxicillin susceptible (Vergnaud et al., 2000). Most strains
so far have remained susceptible to rifampicin and vanco-
mycin, similar to multiply resistant strains in South Africa.
Newer fluoroquinolones with enhanced antipneumococcal
activity, such as moxifloxacin, are increasingly used, although
resistance is also emerging to these agents (see Chapter 105,
Moxifloxacin).

Because the MICs of cefotaxime (see Chapter 26, Cefo-
taxime) and ceftriaxone (see Chapter 27, Ceftriaxone) are
usually lower than those of Pen G and because these drugs
penetrate well into the CSF, they have been used with success
to treat pneumococcal meningitis, even if the MIC for Pen G
has been as high as 4 pg/ml. Vancomycin has also been used
to treat meningitis, with differing results. Some cases have
failed to respond to chloramphenicol even when the strain has
been chloramphenicol susceptible. Cases of pneumococcal
meningitis due to organisms that are highly resistant to cef-
triaxone (MIC = 8 pg/ml) have been reported; these patients
fail to respond to ceftriaxone, although vancomycin with or
without chloramphenicol usually succeeds. There are now
also other reports of strains of Pen G-resistant pneumococci
whose MICs of cefotaxime and ceftriaxone were higher than
those of Pen G. Meropenem (see Chapter 38, Meropenem
and Meropenem-Vaborbactam) and fluoroquinolones such



as moxifloxacin (see Chapter 105, Moxifloxacin) may also be
alternative treatment options.

Original studies with multiply resistant South African
pneumococci failed to demonstrate beta-lactamases or plas-
mids, suggesting intrinsic resistance. The mechanism by which
these pneumococci acquire resistance is by the development
of specific, stepwise, and cumulative alterations in four out
of their six PBPs (Zighelboim and Tomasz, 1980; Zighel-
boim and Tomasz, 1981; Tomasz, 1982). Sensitive strains of
S. pneumoniae contain six PBPs—1a, 1b, 2X, 2a, 2b, and 3.
Characterization of PBP profiles has revealed a considerable
degree of antigenic variation among PBPs of Pen G-sensitive
strains (Hakenbeck et al., 1991a). In Pen G-resistant strains
there is a cumulative stepwise change in the PBPs and their
affinity for penicillin as the Pen G MIC of that strain
increases. As the MIC of the strain reaches 0.4 pg/ml, gen-
erally four of the pneumococcal PBPs undergo changes in
their Pen G affinity. At higher levels of resistance (MIC >
0.4 pg/ml), the S. pneumoniae cell may no longer contain
PBPs la and 1b, but PBPIc, which has an extremely low
affinity to Pen G. With selective pressure, pneumococci with
low-level resistance (often having alterations in PBP2b)
represent a reservoir from which highly resistant strains
may emerge during clinical therapy, often in association
with mutations in PBP2X (Handwerger and Tomasz, 1986a;
Handwerger and Tomasz, 1986b; Malouin and Bryan, 1986;
Tomasz, 1986; Chalkley and Koornhof, 1988; Hakenbeck et
al., 1998). Although these modified PBPs most commonly
affect penicillin activity more than amoxicillin, this is not
necessarily the case, depending in some instances at least on
detailed changes in PBP2b (Kosowska et al., 2004) and inac-
tivation of the mur Mn operon (Critchley et al., 2002; Dagan
etal., 2001).

Multiply resistant clinical isolates of S. prneumoniae can
exhibit penicillin tolerance. Exposing these strains to Pen G
concentrations above their MICs does not induce cell wall
degradation, lysis, or leakage of intracellular components.
Their cell walls contain less autolytic enzyme, but they are
not completely deficient in this enzyme, which is usually the
case with other tolerant organisms. Pen G tolerance of these
pneumococcal strains may be related to some alteration in
the control of autolysin activity (Liu and Tomasz, 1985). Sub-
sequently, Moreillon and Tomasz (1988) demonstrated that
treatment of pneumococcal cultures with cycles of high Pen
G concentration selected lysis-defective mutants, whereas
exposure to sustained low levels of Pen G produced resistant
mutants. As both types of exposure occur clinically, defective
lysis and Pen G resistance will often coexist.

Pneumococcal resistance to Pen G is chromosomal, plas-
mids are not involved, and this resistance is not transferable
by conjugation (Murray, 1989). Yet Pen G resistance in pneu-
mococci can result not only by exposing the organisms to
Pen G but by transfer of a resistance gene from a resistant
pneumococcal strain to a sensitive one. Transfer of Pen G
resistance determinants may also occur from resistant viri-
dans streptococci (such as S. sanguis, S. mitis, S. oralis, and
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S. mitior) to sensitive S. pneumoniae (Chalkley and Koornhof,
1990; Potgieter and Chalkley, 1991; Janoir et al., 1999). There
is evidence that transposons in the chromosome of S. pneu-
moniae could facilitate the dissemination of Pen G resistance
in the absence of plasmids (Cooksey et al., 1989) with the
accumulation of the necessary point mutations.

Susceptibility tests should be performed on all pneumo-
coccal isolates, especially those implicated in serious infec-
tions; relatively resistant strains may not be recognized unless
special laboratory methods are used (Swenson et al., 1986;
Jacobs, 1992). For routine testing of penicillin susceptibility
of S. pneumoniae, 1-ug oxacillin disks have been widely
employed. However, strains of S. pneumoniae have been
detected with intermediate resistance to oxacillin (MIC 1 pg/
ml). Such oxacillin resistance is due to acquisition of a gene
encoding an altered PBP2X (Dowson et al., 1994). These iso-
lates showed similar low-grade resistance to methicillin,
cloxacillin, and cefotaxime. It is surprising that they were
completely sensitive to Pen G. Such strains may be wrongly
regarded as having intermediate Pen G resistance, unless Pen
G itself is used in sensitivity testing. This is best performed
using an E test.

Most human infections caused by pneumococcal strains
of intermediate resistance (but not those caused by highly
resistant strains) usually respond to Pen G, provided that suf-
ficiently large doses are used (Ward, 1981). However, the
response of serious infections, especially meningitis, caused
by these pneumococci has been poor after standard Pen G
regimens (Howes and Mitchell, 1976; Gartner and Michaels,
1979; Caputo et al., 1983; Collignon et al., 1988; de Sousa
Marques et al., 1988; Weingarten et al., 1990). A poor response
has also been rarely observed in patients with severe pneu-
mococcal pneumonia (Devitt et al., 1977), and although
there is still some debate about the use of penicillins for
strains with MICs of 1-4 mg/l, most cases of community-
acquired pneumonia due to both intermediate- and high-
level resistant pneumococcal strains respond satisfactorily
to high-dose IV Pen G (Charles et al., 2006; Charles et al.,
2008a). CLSI has changed the in vitro breakpoints for peni-
cillin for nonmeningeal infections—strains of S. pneumoniae
with MICs < 2 pg/ml are now considered susceptible, with
resistant defined as an MIC > 8 pg/ml (CLSI, 2008; CLSI,
2013).

The introduction of conjugate pneumococcal vaccine
(which includes several of the epidemic multiresistant
clones) has been reported to lead to reduced rates of penicil-
lin resistance. For instance, penicillin-susceptible pneumo-
coccal strains decreased from 67.1% in 2001 to 33.1% in 2014
(p < 0.001) in a French study of otitis media. Overall, pneu-
mococcal carriage was reduced from 71.2% to 56.2% from
2001 to 2014 (p < 0.001) and carriage of PCV7 serotypes
(STs) from 44.5% to 1.2% (p < 0.001) (Cohen et al., 2015).
Similar improvements have been noted among invasive iso-
lates in Brazil (Soares dos Santos et al., 2015). In a US study,
PCV13, licensed in February 2010, effectively targeted all
major 19A 7 and 7F genotypes and decreased antimicrobial
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resistance primarily due to removal of the 19A/ST320 com-
plex. The strain complex contributing most to remaining
beta-lactam resistance during 2011-2013 was 35B/ST558.
Significant emergence of nonvaccine clonal complexes was
not evident (Gounder et al., 2015; Metcalf et al. 2016).

In addition to these potential impacts of pneumococcal
vaccination, the global campaign to reduce antibiotic con-
sumption may assist with reducing rates of resistance, as
appears to have occurred in some European countries (Oteo
et al., 2004; Perez-Trallero et al., 2005; Cafini et al., 2006).

NEISSERIA GONORRHOEAE

Relatively resistant gonococcal variants appeared about 40
years ago, and not only has their degree of resistance slowly
increased but they have become more frequent (PHLS-CDSC,
1983; McManus et al., 1982; Gordts et al., 1982; Rice et al.,
1986; Workowski et al., 2015). Their MICs vary, the majority
of strains requiring at least 0.08 pg/ml for inhibition (Gordts
et al., 1982; Ison et al., 1987), whereas the remainder require
0.12-2.0 pg/ml (Rodriguez and Saz, 1975; Dowset, 1980).
Relatively resistant gonococci have been detected in most
countries and are usually also resistant to other unrelated
antibiotics, such as tetracyclines, erythromycin, chloramphen-
icol, streptomycin, and rifampicin. Intrinsic resistance of rel-
atively resistant strains to Pen G is chromosomally mediated
(Hook and Holmes, 1985). Their PBP2, and to a lesser extent
PBPI, bind less Pen G (Dougherty et al., 1980; Dougherty,
1985; Garcia-Bustos and Dougherty, 1987; Spratt and Cromie,
1988). Subsequently, gonococcal stains with chromosomally
mediated Pen G resistance with MICs higher than 2 pug/ml
were increasingly isolated and were completely resistant to
Pen G. Two gonococcal strains with such resistance to Pen G
(MIC 30 pg/ml) were isolated in Toronto, Canada, and these
did not produce beta-lactamase (Shtibel, 1980). Similar gono-
cocci were then detected in the UK (Copley and Egglestone,
1982). In 1983, an outbreak of Pen G-resistant gonococcal
infection was reported in North Carolina, in which more than
200 cases were detected. This intrinsic resistance to Pen G
was chromosomally mediated, similar to the main resistance
mechanism of relatively resistant gonococcal strains. Their
PBPs were again modified (Dougherty, 1986). These gono-
cocci were also moderately resistant to tetracycline and eryth-
romycin, and their sensitivity to cefoxitin and trimethoprim
was variable. Most isolates were sensitive to spectinomycin,
cefuroxime, and cefotaxime (CDC, 1984; Rice et al., 1984).

In 1984, of 200 non-penicillinase-producing gonococcal
isolates tested in one London hospital, 5.5% were resistant
to > 9.5 pg/ml cefuroxime. These cefuroxime-resistant
strains were highly resistant to Pen G, erythromycin, and tet-
racyclines. Although all were sensitive to cefotaxime, some
strains had MICs as high as 0.125 pg/ml (Easmon, 1985).
Gonococcal infections caused by these strains have proved to
be a more difficult therapeutic problem than infections caused
by beta-lactamase-producing strains, because intrinsic resis-
tance to Pen G may be accompanied by similar resistance to
many beta-lactam antibiotics, including the enzyme-stable
members of this group.

It was initially reported that gonococcal strains relatively
resistant to Pen G, although capable of causing uncompli-
cated gonorrhoea, may have a decreased capacity to cause
disseminated infection (Handsfield et al., 1976; Eisenstein
et al., 1977). However, other investigators have subsequently
refuted this (Sackel et al., 1977; Pinon et al., 1981; Bohnhoff
et al., 1986).

N. gonorrhoeae is highly variable in both its phenotype
and genotype. Analysis of porB genes has been used for dis-
criminatory analysis, including mechanisms of antibiotic
resistance (Mingmin et al., 2008). Different levels of suscep-
tibility are associated with various mutations in porB, which
affect outer membrane permeability, contributing to multi-
resistant strains. Beta-lactamase-producing strains of N. gon-
orrhoeae conferring complete resistance to Pen G were first
recognized during late 1975 in the Philippines. Soon after,
they were detected in the USA (Ashford et al., 1976; Whit-
tington and Knapp, 1988), the UK (Percival et al., 1976),
Australia (Lindon and Handke, 1976), Holland (Blog et al.,
1977), and Africa (Hallett et al., 1977). By 1977, these resis-
tant gonococci had been identified in 16 countries, and in
the USA they had become a significant cause of infection
in civilian and military personnel (CDC, 1977; Siegel et al.,
1978). Beta-lactamase-producing strains of N. gonorrhoeae
soon became highly prevalent in the Philippines, in South-
east Asian countries such as Singapore and Thailand, and in
West Africa. They constituted 30-50% of all isolates in some
Southeast Asian countries (Brown et al., 1982; CDC, 1982;
McCormack, 1982). In the USA, their incidence increased
from 400 cases yearly during 1976-1979 to 1099 in 1980, to
2734 in 1981, and to 3424 during early 1982. Nevertheless,
beta-lactamase-producing isolates still accounted for only
less than 0.5% of the approximately 1 million cases of gonor-
rhoea reported annually in the early 1980s (Jafte et al., 1981;
McCormack, 1982; CDC, 1983). By 1982, beta-lactamase-
producing gonococci had spread to most countries in the
world, where they had usually increased twofold to sixfold
during the preceding 18-24 months (CDC, 1982). Most of
the early cases in the UK were due to importation of the dis-
ease from endemic areas, but such strains are now endemic
in the UK also (McCutchan et al., 1982; Thin et al., 1983).
The use of Pen G, even in large doses, is quite ineffective for
the treatment of gonorrhoea caused by these beta-lactamase-
producing strains, and an inoculum effect is observed in
vitro (Percival et al., 1976). Beta-lactamase-producing gono-
cocci are quite virulent and can cause salpingitis, dissemi-
nated infections (Leftik et al., 1978; Rinaldi et al., 1982),
and gonococcal ophthalmia neonatorum (Pang et al., 1979;
Raucher et al., 1982).

Gonococci producing beta-lactamase are also resistant to
other penicillins that are beta-lactamase labile, such as ampi-
cillin and amoxicillin. They are often moderately resistant
to the tetracyclines and erythromycin but usually sensitive to
kanamycin, gentamicin, spectinomycin, and cotrimoxazole
(CDC, 1978Db; Siegel et al., 1978). Cefotaxime, ceftazidime,
ceftriaxone, and cefpodoxime were, until recently, very active
against most of these strains (Sparling et al., 1977; Khan et



al., 1981; Kerbs et al., 1983; Workowski et al., 2015), but
quinolone resistance is now often as common as penicillin
resistance (MMWR, 2007). Resistance to the third-generation
cephalosporins can be due to altered Pen A genes, leading to
a mosaic-structure recombinant PBP2.

The production of beta-lactamase in gonococci is plasmid
mediated (Elwell et al., 1977; Roberts and Falkow, 1977;
Handsfield et al., 1989). This plasmid is usually similar to the
TEM-1 produced by many Gram-negative bacilli (Bergstrom
et al., 1978). Moreover, it can be transferred between gono-
cocci and E. coli (Kirven and Thornsberry, 1977; Sparling
et al., 1977). Plasmid-containing gonococcal strains can lose
their plasmids and revert to Pen G susceptibility. Initially,
there were two distinct types of beta-lactamase-producing
N. gonorrhoeae. Most strains isolated in, or epidemiologi-
cally linked to, the Far East were relatively tetracycline resis-
tant in vitro, and they carried a plasmid with a molecular
weight of 4.5 megadaltons. Beta-lactamase-producing gono-
cocci linked with West Africa and Europe were tetracycline
sensitive, and they contained a smaller 3.2-megadalton plas-
mid. Over 50% of Far Eastern strains, but initially none of
those from West Africa, also contained a 24.5-megadalton
conjugative plasmid, which could transfer plasmids to other
gonococci and to some other Gram-negative bacilli (Van
Embden et al., 1980; Handsfield et al., 1982). This conjuga-
tive plasmid may have conferred a selective advantage on
Far Eastern strains, and initially they probably spread more
readily than those from West Africa (Perine et al., 1977).
In 1980, there was a sharp increase in prevalence of infec-
tions caused by beta-lactamase-producing gonococci in the
Netherlands; these were West Africa-type gonococci, which
contained the 24.5-megadalton conjugative plasmid in addi-
tion to the 3.2-megadalton plasmid (Van Klingeren et al.,
1983). Later, another type of penicillinase-producing gono-
coccus was identified. This was called the Toronto type and
carried a 3.05-megadalton plasmid. This was first detected in
several Canadian cities and provinces. Later it was also found
in Taiwan and other Asian countries, and it might have orig-
inated there (Yeung et al., 1986; Chu et al., 1992). Further-
more, at least three more plasmids have been detected that
are involved with beta-lactamase production in gonococci.
These are the 2.9-megadalton Rio type, the 4.0-megadalton
Nimes type, and the 6.0-megadalton New Zealand type (Van
Embden et al., 1985; Brett, 1989; Chu et al., 1992). By the
1990s, most Pen G-resistant gonococci belonged to one of
the following categories: beta-lactamase-producing N. gon-
orrhoeae possessing 2.9-, 3.05-, 3.2-, or 4.4-megadalton beta-
lactamase plasmids; strains with plasmid-mediated high-level
resistance to Pen G and tetracycline; and strains with chro-
mosomally mediated resistance to Pen G and tetracycline
(the 24.5-megadalton conjugative plasmid Tet-M) (Rice and
Knapp, 1994a; Rice and Knapp, 1994b).

Over the past 25 years penicillin-resistant gonorrhoea has
spread to virtually all countries with notable reports from
Rwanda, Tanzania, South Africa, India, Bangladesh, Spain,
China, Japan, Russia, Cuba, the UK, France, Denmark,
Australia, New Zealand, Latin America, and the USA (Ison
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et al., 1986; Lind, 1990; Bogaerts et al., 1998; Divekar et al.,
1999; Mbwana et al., 1999; Bhuiyan et al., 1999; Berrén et al.,
2000; Wenling et al., 2000; Dillon et al., 2001; Bhatambare
and Karyakarte, 2001; Elawad et al., 2002; Sosa et al., 2003;
Bala et al., 2003; Herida et al., 2004; Heffernan et al., 2004;
Annual report of Australian Gonococcal Surveillance Pro
gramme, 2003; Tanaka et al., 2004; Kobenko et al., 2005;
Dillon et al., 2006; De Jongh et al., 2007; Wang et al., 2007;
Palmer et al., 2008; Tapsall et al., 2008). Most of the high-
level resistance is due to beta-lactamase production.

Very recent studies have confirmed these findings (Unemo
et al., 2016; Chen et al., 2016; Lahra et al., 2015; Zheng et
al., 2015; Shimuta et al., 2015: Lee et al., 2015), and the his-
tory of gonococcal resistance emergence has been reviewed
(Shigemura and Fujisawa, 2015).

NEISSERIA MENINGITIDIS

The incidence of meningococcal strains that have developed
some resistance to Pen G has increased (see Table 3.5), but
such resistance has generally low levels such that Pen G
remains the drug of choice for these serious infections,
including meningococcal meningitis. Nevertheless, although
meningitis caused by these strains still responds to Pen G,
defervescence may be slower. If the MIC of the meningococ-
cus is higher than 0.5 pg/ml, the disease may not respond to
Pen G, and alternative therapy, such as ceftriaxone, cefotax-
ime, or even chloramphenicol may be needed (Buck, 1994;
Woods et al., 1994). Relatively Pen G-insensitive meningo-
cocci have also been reported from many regions (Sutcliffe et
al., 1988; Lopardo et al., 1993; Block et al., 1993; Buck, 1994;
Jackson et al., 1994; Woods et al., 1994; Winterscheid et al.,
1994; see Table 3.5).

3. MECHANISM OF DRUG ACTION

Pen G, similar to other beta-lactam agents, acts primarily on
the bacterial cell wall, which is complex and unique to bacte-
ria. Being relatively inelastic, it confers shape on the organ-
ism and protects it against damage due to osmotic pressure
differences between the cell cytoplasm and the external envi-
ronment (Koch, 1988). The cytoplasmic membrane lies imme-
diately beneath the cell wall and is pressed up against it by
osmotic forces within the cell. The cell wall and the cyto-
plasmic membrane together form the cell envelope. These
component structures are interdependent, and alterations in
one may render the other ineffective. The composition of the
cell envelope, the complexity of which varies with different
bacterial species, has an important role in modifying the
action of antibiotics (Costerton and Cheng, 1975). Antibiotics
act on protein synthesis within the cell or at a site within
the envelope, so that they must pass through part or all of the
envelope to reach their target.

In Gram-positive bacteria the major portion of the cell
wall consists of a mucopeptide layer (also known as murein
or peptidoglycan), which supports the cytoplasmic mem-
brane. This mucopeptide layer consists of a giant molecule,
constructed in the form of a net of polysaccharide strands,
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which are interlinked by short peptide bonds. In the resting
cell, this molecule is apparently united in every direction
over the cell’s surface and there are no free ends available for
further growth (Tomasz, 1981). For cell growth to proceed,
this mucopeptide lattice must be broken to enable new cell
wall material to be inserted. In the dividing cell, there is the
additional complex process of the formation of a septum or
cross-wall (consisting of cytoplasmic membrane and wall),
which splits in a special way to produce progeny identical to
the parent cell. Lytic enzymes (autolysins) are involved in
both of these processes. Obviously in the normal growing
cell, synthesis and lysis must be balanced to allow cell divi-
sion, without cell destruction. In Gram-positive bacteria the
interstices within the mucopeptide net, communicating as
they do with the cytoplasmic membrane, constitute a peri-
plasmic space. A number of degradative enzymes may be
located in this space, which are capable of destroying a vari-
ety of antibiotics; these include beta-lactamases (penicillinases
and cephalosporinases), which hydrolyze the beta-lactam
ring of susceptible penicillins and cephalosporins. The type
and amount of the enzymes present in the periplasmic space
depend on the bacterial species. In pathogenic Gram-positive
bacteria, the bacterial envelope is usually completed by a
third component, a protein coat or a carbohydrate capsule,
exterior to the mucopeptide layer.

In Gram-negative bacteria, the envelope is more complex
and consists of four layers. A mucopeptide net again is exte-
rior to and supports the cytoplasmic membrane, but the
periplasmic space formed by the niches in the mucopeptide
is extended out beyond the mucopeptide layer, by protrud-
ing lipoprotein bundles that meet an extra outer membrane
(Nikaido and Vaara, 1985; Nikaido, 1988; Nikaido, 1989).
Exterior to this outer membrane there is also usually a protein
or a carbohydrate capsule. The periplasmic space of Gram-
negative bacteria therefore consists of an area spreading from
the cytoplasmic membrane through the mucopeptide net, to
the outer membrane. This outer membrane plays a specific
role in permeability because it contains several porin pro-
teins with pores that allow small molecules to diffuse into the
periplasmic space (Jafte et al., 1982; Piddock and Wise, 1985;
Nikaido, 1988; Nikaido, 1989). Escherichia coli mutants lack-
ing one or more of these proteins have increased resistance
to some antibiotics, although these drugs may utilize other
pathways to enter the bacterial cell (Mortimer and Piddock,
1993). The outer membrane normally has selective permea-
bility and thereby preserves the microenvironment of the
periplasmic space. For instance, it prevents the outward pas-
sage of periplasmic enzymes and prevents the inward passage
of some antibiotics. The penetrability of the outer membrane
to various antibiotics is often specific for particular bacterial
species, but may be altered by a number of factors, including
the acquisition of plasmids. Inability to penetrate the various
layers of the envelope is one explanation for the intrinsic
resistance of Gram-negative bacteria to antibiotics. The effect
of beta-lactamase activity and the outer membrane barrier
on the elevation of MICs is also synergistic; the contribu-
tion of beta-lactamase is more effectively expressed in the

bacterial cells with a higher outer membrane barrier (Sawai
et al., 1988). However, the bacteria cannot make their outer
membrane completely impenetrable; this then would exclude
all essential nutrients as well. It has now been shown that
in an organism like P. aeruginosa, in addition to the permea-
bility barrier there is also the membrane-associated energy-
driven efflux. This actively pumps antibiotics out of the
periplasmic space and so prevents their access to their target
proteins (Nikaido, 1994).

Degradative enzymes in the periplasmic space that are
confined within the cell by the outer membrane of Gram-
negative bacteria are also important in determining antibiotic
resistance. Of special importance are the beta-lactamases,
which confer resistance to beta-lactam antibiotics (Sykes, 1982;
Bauernfeind, 1986; Bush and Sykes, 1986; Bush, 1988; Bush
1989a; Bush, 1989b; Bush, 1989¢; Sanders, 1992). A number
of factors influence the eflicacy of beta-lactam antibiotics.
These include the amount of the beta-lactam antibiotic that
has penetrated through into the space, the amount of enzyme
present, the affinity or specificity of the enzyme for the par-
ticular beta-lactam antibiotic involved, and its “efficiency” in
hydrolyzing the antibiotic. In addition, the amount of beta-
lactamase present in the periplasmic space can be altered in
many Gram-negative bacteria by chromosomal mutation,
induction, or by the acquisition of plasmids. Beta-lactamase
inhibitors (see Chapter 13, Beta-Lactamase Inhibitors) have
been developed to overcome the destruction of beta-lactam
antibiotics by some of these enzymes.

Most, if not all, of the penicillin molecules that have dif-
fused through the outer boundaries of the bacterial cell and
have not been destroyed by beta-lactamases in the periplas-
mic space become strongly bound by the plasma membrane.
The components of the membrane responsible for this bind-
ing are called penicillin binding proteins. There is a wide
variation in both the number and the amount of PBPs in
different bacteria, but related bacteria tend to have similar
patterns of PBPs (Tomasz, 1982; Tomasz, 1986). The PBPs
are proteins that normally play essential roles in a variety of
physiologic functions in the bacterial cell, such as mainte-
nance of structural integrity, shape, and cell division (Tomasz,
1979; Tuomanen et al., 1986; Georgopapadakou, 1993). For
instance, in E. coli PBPs 1a, 1b, 2, 3, 4, 5, and 6 have been
identified. PBPs 1a and 1b are jointly concerned in cell elon-
gation, PBP2 in shape determination, and PBP3 in cell divi-
sion (Curtis, 1981). Pen G and other beta-lactam antibiotics
mainly bind to PBP 1a, 1b, 2 and 3 of E. coli. Rapid lysis of
the cell is caused by beta-lactams that bind to PBP1 (e.g.
cephalosporins). Inhibition of PBP2 in E. coli results in the
generation of stable round forms and not spheroplasts, as
associated with exposure to some beta-lactams. These con-
tinue to grow for several generations before further aberra-
tions occur and lysis ensures. Mecillinam (see Chapter 11,
Mecillinam (Amdinocillin) and Pivmecillinam), for instance,
binds exclusively to PBP2 and causes these changes. Most
beta-lactam antibiotics inhibit PBP3, the protein involved
in cell division of E. coli. By inhibiting PBP3, cell division,
and in particular cross-wall synthesis, is prevented, resulting



initially in production of filamentous forms; these continue
to grow for 4-6 generations, but then they become further
deformed and cell death occurs (Curtis et al., 1979c¢; Curtis,
1981). The singular inhibition of PBP3 is bactericidal in E.
coli, even though standard bacteriologic testing in broth cul-
ture may suggest bacteriostasis (Curtis et al., 1985). Curtis
et al. (1985) showed that filament formation is accompanied
by disruption of the outer membrane barrier function, as
witnessed by a rapid leakage of periplasmic beta-lactamase.
Also, human polymorphs appear to kill bacterial filaments
more efficiently than they kill a similar mass of bacilli, so that
filaments may be a favorable consequence of treatment of
infection in immunocompetent patients with beta-lactam
antibiotics (Lorian and Atkinson, 1984). On the other hand,
the buildup of endotoxin in large filaments may be detrimen-
tal to the patient on lysis. This is more likely to occur with
low doses of certain beta-lactams, such as ceftazidime, which
bind preferentially to PBP3 (Gould and Mackenzie, 1997).

Different PBP patterns are found in other bacteria. PBPs
of a particular bacterium are assigned serial numbers (PBP1,
PBP2, etc.) that indicate decreasing molecular weight. Thus
the PBP1 of E. coli need not have anything in common with
a PBP1 of another bacterium (Tomasz, 1982). Intrinsic resis-
tance to beta-lactam antibiotics, including Pen G, in many
instances is due to complex alterations in several PBPs, usu-
ally resulting in one or more PBPs with lower affinity for Pen
G (Bryan, 1988). In addition, PBP5 in E. coli has been shown
to have weak beta-lactamase activity as well (Nicholas and
Strominger, 1988).

Pen G and other beta-lactam antibiotics interfere with
biosynthesis of the bacterial cell wall, and this eventually
causes lysis and death. It was originally thought that Pen G
selectively inhibited a Pen G-sensitive enzyme, transpepti-
dase, which is involved in transpeptidation (i.e. assembly of
an intact, insoluble protective peptidoglycan in the bacterial
cell wall) (Shockman et al., 1979). Bacteria with weak cell
walls were produced, which then ruptured under the mechan-
ical pressure of normally increasing cytoplasmic mass. It is
now realized that the set of events is much more complex,
involving both distinct Pen G-sensitive PBP targets and enzy-
matic and physiologic processes inhibited by beta-lactam
antibiotics, which vary widely depending on their structure
and the type of bacterial species (Tipper 1979; Tomasz,
1979). Inhibition of bacterial growth seems to be elicited by
direct interaction of beta-lactam antibiotics with their PBPs;
subsequent bactericidal or lytic effects are triggered by these
initial reactions (Ogawara, 1981).

The fact that Pen G and most other beta-lactam anti-
biotics inhibit cell wall growth does not totally account for
their rapid lethality to many bacteria (Shockman et al., 1979;
Tomasz, 1979). Important mediators of cell death after expo-
sure to beta-lactam antibiotics are the endogenous peptido-
glycan (murein) hydrolases (autolysins) (Kitano and Tomasz,
1979; Handwerger and Tomasz, 1985) and hydroxyl radicals
(Kohanski et al., 2007). An increase in the intracellular con-
centration of hydroxyl radicals has been observed after expo-
sure to bactericidal agents such as beta-lactams, quinolones,
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and aminoglycosides, but not after exposure to bacteriostatic
agents. These radicals damage vital cell components, such
as DNA, proteins, and membranes. Bacterial cells contain
enzymes that synthesize peptidoglycan and autolytic enzymes
that break it down. Organisms defective in autolysins are
inhibited by Pen G, but not killed by it, a phenomenon called
tolerance. S. pneumoniae defective in murein hydrolase was
first described by Tomasz et al. (1970). Sabath et al. (1977)
described the same phenomenon in S. aureus, and subse-
quently Pen G-tolerant variants have been detected among
many bacterial species. In nontolerant bacterial strains, ini-
tial interference with cell wall synthesis caused by Pen G
appears to upset the cellular control of endogenous auto-
lysins, which then cause autolysis and death of bacteria
(Tomasz, 1979). How Pen G causes this autolytic enzyme
disturbance is not clearly understood. It may be because
antibiotics make cell walls more porous by inhibition of
cross-linkages, thereby allowing leakage of autolysin inhibi-
tors from cells (Tipper, 1979). There is a complex coordi-
nated regulation of the transcript in response to disturbance
in cell wall synthesis. This leads to a balanced regulation
between cell wall synthetic and hydrolytic enzymes, with
repression of autolytic activity (Antignac et al., 2007).
Others have observed the retention of penicillin lethality
in the absence of the murein hydrolase enzyme previously
thought to be responsible for death through lysis (Moreillon
et al., 1990; Sugai et al., 1997). Furthermore, death occurs
rapidly whereas lysis occurs after only a substantial lag
period. The irg AB operon has been shown to regulate extra-
cellular murein hydrolase activity and increase tolerance to
penicillin in a complex balance between cell wall expansion,
septum formation, and daughter cell separation. The func-
tion of the irg AB operon may be analogous to bacterio-
phage-encoded antiholin, inhibiting the synthesis of murein
hydrolase transport channels in the membrane. These are the
transport channels that are probably targeted by penicillin
to exert a cidal effect. Maximal expression of the operon is
during stationary phase, hence the growth-phase-dependent
susceptibility to the cidal effects of penicillin (Bayles, 2000).
Mechanisms by which different beta-lactam antibiotics
cause irreversible effects vary among bacterial species. In
E. coli beta-lactams with high affinity for PBP1, such as
cephalothin (see Chapter 18, Cephalothin and Cefazolin),
are the most effective triggers of autolysis, but this is not the
case in other bacterial species (Kitano and Tomasz, 1979).
Group A streptococci rapidly lose viability in the presence of
Pen G, but there is no evidence of autolysis (Kessler and Van
de Rijn, 1981). In these organisms Pen G induces a rapid spe-
cific loss of total cellular RNA in the absence of hydrolysis
of the cell wall, and this leads to cell death (McDowell and
Reed, 1989). S. pneumoniae is rapidly killed by Pen G, but it
also undergoes cell lysis. A pneumococcal isolate that caused
relapsing meningitis in a patient infected with HIV was found
to display an unusual response to Pen G—there was rapid
death but a striking lack of cellular lysis. It is possible that
defective lysis may adversely affect the course of pneumo-
coccal meningitis (Tuomanen et al., 1988). It appears that
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pneumococci can be killed by Pen G by two mechanisms:
one is autolysis dependent and the other one is not (Moreillon
et al., 1990).

Pen G may also inhibit RNA and thereby protein synthe-
sis, as well as peptidoglycan synthesis, in Pen G-tolerant
S. mutans strains (Mychajlonka et al., 1980; Mychajlonka,
1981). That Pen G-tolerant S. sanguis strains can be made to
respond to Pen G in a manner similar to nontolerant strains
(which possess autolysins) by addition of heterologous autol-
ysins to the growth medium raises the possibility that Pen G
may act synergistically with various host enzymes during
infections (Horne and Tomasz, 1980).

In vitro, differing morphologic changes may be induced
when bacteria are exposed to beta-lactam antibiotics in vary-
ing concentrations. For instance, low concentrations of Pen
G and the cephalosporins produce filamentous changes in
E. coli (Greenwood and O’Grady, 1973a; Greenwood and
O’Grady, 1973b). Subinhibitory concentrations of Pen G pre-
vent normal cell division of S. aureus (Lorian, 1975). These
effects are presumed to be due to inhibition of wall autolysins
by antibiotics in low concentrations. That Pen G inhibits cell
wall autolytic enzymes provides an explanation of bacterial
persisters in the presence of beta-lactam antibiotics. Persisters
are morphologically normal bacteria that survive lethal con-
centrations of an antibiotic but whose progeny are fully sen-
sitive to these agents. Pen G is lethal only to growing cells in
which autolysins have already initiated cell wall growth points.
The small percentage of bacteria that are not growing at the
time become persisters because they have an intact bacterial
cell wall. Pen G prevents autolysins from forming growing
points in these cells, and they become “frozen in suspended
animation” Once the antibiotic is removed, persisters revert
to normal growth patterns.

Cell wall-deficient variants of many bacterial species can
be produced by Pen G and other antibiotics that inhibit bac-
terial cell wall synthesis. These have been named variously as
protoplasts, spheroplasts, and L-phase variants; among these
there are only slight differences, e.g. protoplasts have absent
and spheroplasts have defective cell walls. By using hyper-
tonic medial, cell wall-defective microbial variants can be
easily induced in the laboratory. It has been postulated that
these variants may occur and persist during Pen G treatment
of infections in areas where the surrounding medium is hyper-
tonic (e.g. the renal medulla or purulent accumulations).
Subsequently, they may revert to normal bacteria and cause
persistence or relapse of the infection. There is no evidence
that cell wall-deficient variants have any role in pathogene-
sis, persistence, recurrence, or relapse of human infections.
Their pathogenic potential may deserve further study, partic-
ularly in patients with defective immunologic or phagocytic
function. Special hypertonic culture media are needed to
detect wall-defective microbial variants (Palmer, 1979; Wata-
nakunakorn, 1979).

A number of “classic” publications have summarized the
activity of penicillin and other antibiotics during the past
few decades (Feingold, 1963; Donowitz and Mandell, 1988a;
Donowitz and Mandell, 1988b).

4. MODE OF DRUG ADMINISTRATION
AND DOSAGE

4a. Adults

Penicillin G is destroyed by acid in the stomach, and absorp-
tion after oral administration is variable. All Pen G prepara-
tions can be injected intramuscularly, and its two highly
soluble salts (sodium and potassium Pen G) can also be given
intravenously.

CRYSTALLINE PEN G

The usual route of administration is by intravenous injection.
However, i.m. administration may be preferable in some cir-
cumstances, and for patients undergoing continuous ambu-
latory peritoneal dialysis (CAPD), Pen G can be administered
via the intraperitoneal route in the dialysate. Crystalline Pen
G is available as either the sodium or potassium salt of Pen G,
with vials of 0.3, 0.6, 1.2, 3.0, and 6 g available.

Crystalline Pen G is usually administered every 4-6 hours,
but intervals of 2-3 hours between doses may be necessary
in severe infections. A common adult dosage is 0.6-1.2 g i.m.
or i.v. every 4-6 hours. For serious infections (e.g. bacterial
meningitis) higher doses can be given; a common dosage for
adults is 1.2-1.8 g every 4 hours. Doses higher than this are
usually unnecessary for infections, however severe, caused
by Pen G-sensitive organisms, although one exception is
neurosyphilis, in which doses up to 2.4 g i.v. every 4 hours
may be needed.

Crystalline Pen G may be administered i.v. either by con-
tinuous infusion or by intermittent injections or infusions.
In emergency treatment of serious infections, an initial bolus
injection of Pen G should be given i.v. to achieve a high
serum level quickly. This can then be followed by either con-
tinuous Pen G infusion or intermittent i.v. injections.
Continuous infusion was initially considered the preferred
method because of the drug’s rapid renal excretion and the
presumed increased hazard of thrombophlebitis with inter-
mittent administration. However, problems may arise if Pen
G is added to i.v. fluid bottles. It is unstable in solution at
room temperature or even at 4°C. Its activity therefore may
be progressively lost, and furthermore, its degradation prod-
ucts may be more potent antigens than Pen G itself and cause
sensitization (see section 6). This can be avoided if Pen G
solutions are always freshly prepared and given i.v. as bolus
doses (Neftel et al., 1982). Nevertheless, there are increasing
data regarding the usefulness of continuous-infusion peni-
cillin, especially in the hospital-in-the-home or outpatient
antibiotic therapy (OPAT) setting (Walton et al., 2007; Anti-
biotic Expert Group, 2014; see section 5c¢).

Pen G may be incompatible with additives to some i.v.
solutions. For example, Pen G and other penicillins are almost
completely inactivated within a few hours in dextrose solu-
tions containing sufficient bicarbonate to elevate the pH level
above 8.0, and penicilloic acid is a major degradation prod-
uct (Simberkoft et al., 1970). Pen G and other penicillins are
also unstable at room temperature in amino acid mixtures



used for hyperalimentation (Feigin et al., 1973), and in solu-
tions of plasma expanders such as dextran (Koshiro and
Fujita, 1983).

To avoid the potential problems associated with continu-
ous infusion, most clinicians prefer either intermittent i.v.
injections or intermittent rapid infusions of high concentra-
tion Pen G solutions via a secondary i.v. bottle or a burette.
Each dose can be dissolved in 10-20 ml of sterile water in a
syringe, and this is injected directly into the i.v. tubing over
a period of 5 minutes. Alternatively, the drug can be given via
a pediatric burette that is incorporated in the i.v. set. When a
dose of the drug is due, 20-30 ml of i.v. fluid is delivered into
the burette to which a dissolved dose of Pen G is added; this
concentrated drug solution is then infused over a period of
10-15 minutes. An added advantage of this method is that
the burette filter removes a proportion of particulate matter,
which is commonly present in the syringe when antibiotics
are withdrawn from ampoules or vials. For babies and young
children, i.v. infusion pumps that can deliver both i.v. fluids
and antibiotics intermittently at a desired rate are advanta-
geous (Leff and Roberts, 1981).

Crystalline Pen G may be added to peritoneal dialysis fluid
either to treat or to prevent intraperitoneal infection. Usually
a dose of 30 mg is added to each liter of dialysate, resulting
in a Pen G concentration of 30 pg/ml. If this concentration is
maintained continuously, the drug is absorbed from the peri-
toneum, and Pen G serum levels of 25-30% of the concen-
trations in the dialysate are attained in patients with renal
failure (Bulger et al., 1965).

PROCAINE PEN G

Aqueous suspension of procaine penicillin for i.m. admin-
istration is available in disposable syringes, each containing
1.0 or 1.5 g of procaine penicillin. During the later stages of
treatment of many infections such as pneumonia, procaine
Pen G can be substituted for crystalline Pen G. This peni-
cillin is useful because absorption of an intramuscularly
injected dose continues for up to 24 hours, so that injections
may be separated by this interval, but lower serum levels are
obtained. These injections are less painful than injections of
crystalline Pen G. A common adult dosage for procaine Pen
G is 1.0 g i.m. once or twice a day. In milder infections pro-
caine Pen G may be satisfactory for initial treatment. This
compound must never be given intravenously.

BENZATHINE PEN G

Benzathine penicillin is available in suspension containing
450 mg/ml for i.m. administration. In addition, vials of a
mixture containing benzathine penicillin 450 mg, procaine
penicillin 300 mg, and potassium penicillin G 187 mg are
available for i.m. use. Benzathine Pen G, when injected i.m.
in doses of 600,000-1,200,000 units (0.45-0.9 g), maintains a
low serum concentration of Pen G for a period of 1-3 weeks.
Single injections of benzathine Pen G have been used for
treatment of S. pyogenes infections (Ginsburg et al., 1982),
diphtheria carriers (McCloskey et al., 1974), and syphilis
(McCracken, 1974), whereas monthly injections are used for
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rheumatic fever prophylaxis (see section 7). This compound
must never be given intravenously.

4b. Newborn infants and children

Dosages of crystalline, procaine, or benzathine Pen G should
be adjusted to the age and weight of the patient. In general,
one quarter of the adult dose is suitable for children under 3
years of age, and one half the adult dose for older children.

For benzylpenicillin the usual dose for children (1 month
to 12 years) is 100 mg/kg daily in four divided doses; while
for neonates (< 1 week) and neonates (1-4 weeks) the dose
is 50 mg/kg daily in two divided doses, or 75 mg/kg daily in
three divided doses, respectively; with higher doses neces-
sary in life-threatening infections such as meningitis (see
section 5b).

Renal clearance of crystalline Pen G in newborn and pre-
mature infants is reduced. The mean half-life value in infants
under 6 days of age is 3.2 hours; in those aged 7-13 days
it is 1.7 hours, and in infants 14 days of age and older it is
1.4 hours (McCracken, 1974), compared to adults for which
the half-life is only 30 minutes. Therefore, small doses of
crystalline Pen G given at 8- or 12-hour intervals are recom-
mended for infants. For infants 0-7 days old, a total daily
dosage of 30 mg/kg body weight, administered in two divided
doses, is usually adequate for most infections caused by
highly susceptible bacteria (McCracken et al., 1973). However,
infants suffering from group B streptococcal infections should
receive 60 mg/kg/day, given in two or three divided doses
(McCracken, 1974). For serious infections such as menin-
gitis, infants younger than 7 days may be prescribed 60-90
mg/kg/day, given in two divided doses. For infants older
than 7 days the usual dosage is 15 mg/kg given every 8 hours
(total daily dose 45 mg/kg); but for serious infections (e.g.
meningitis) the dosage should be 30-45 mg/kg every 6 hours
(total daily dose 120-180 mg/kg). Preferably, individual
doses should be administered i.v. as 15- to 30-minute infu-
sions (McCracken and Nelson, 1983). The pharmacokinetics
of Pen G in very low birth weight neonates has been reviewed
(Metsvaht et al., 2007); 15 mg/kg every 12 hours is safe and
achieves serum levels > MIC, for group B streptococci for
the entire dosing interval.

Procaine Pen G in a single daily dose of 50 mg/kg appears
suitable for the treatment of milder infections in neonates.
The drug is well tolerated in this age group and local reac-
tions are uncommon (McCracken and Nelson, 1983). Benza-
thine Pen G, if indicated in neonates, is given in a single dose
of 50,000 units (37.5 mg) per kg body weight (McCracken,
1974).

4c. Pregnant and lactating mothers

Penicillin use in pregnancy is considered safe. Penicillin has
been assigned to pregnancy category B by the FDA, with
animal studies failing to reveal evidence of fetal harm and
no adverse effects have been reported during human use.
However, there are no controlled data in human pregnancy.
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Serum Pen G levels are likely to be lower in pregnant than in
nonpregnant patients after the same dose of the drug because
both the distribution volume and the renal clearance of Pen
G increase during pregnancy (see section 5b). Penicillin is
excreted into human milk, but any risk to a nursing infant
is unlikely (FDA, 2016).

4d. Those requiring altered dosages

PATIENTS WITH IMPAIRED RENAL FUNCTION

Pen G is often administered in the usual dosage to patients
with impaired renal function because with small doses there
is no great risk of toxicity. Moderately large i.v. doses may
yield high toxic serum levels, necessitating dosage reduction.
If a crystalline Pen G dose of 0.6-1.2 g every 6 hours is nor-
mally indicated, then in anuric or severely uremic patients
the intervals between the doses should be increased to 8-10
hours (Kunin, 1967; see Table 3.6). If high-dose i.v. Pen G
therapy is contemplated, such as a dose of 14.4 g daily for
patients with normal renal function, more meticulous dos-
age adjustment is necessary for those with renal failure (see
Table 3.6). This aims to achieve a mean serum Pen G concen-
tration of approximately 20 ug/ml (Bryan and Stone, 1975).
Bryan and Stone (1975) suggested that a loading dose of
0.45-0.72 g should be given initially to patients with severe
renal failure. If hemodialysis is required, an additional dose
of 0.3 g is necessary every 6 hours during this procedure.

PATIENTS WITH AUGMENTED RENAL FUNCTION

Although little specific data for Pen G exists, renally cleared
penicillins appear subject to higher than expected drug
clearances and have very low trough concentrations in crit-
ically ill patients, so-called augmented renal clearance (defined
as a creatinine clearance exceeding 130 mL/min) (Udy et al.,
2012). In patients with augmented renal function, who often
require intensive care management, more frequent dosing
of drug is suggested to ensure target concentrations are
achieved.

PATIENTS WITH IMPAIRED HEPATIC FUNCTION

The recommended Pen G dose should be further reduced to
0.3 g every 8 hours if advanced liver disease is associated
with severe renal failure.

Table 3.6. Recommended dosage schedule for intermittent i.v.
benzylpenicillin therapy for patients with renal failure

Creatinine clearance

(ml per min) Dose (g) Interval (h)
125 1.20r1.8 20r3
60 1.2 4

40 0.9 4

20 0.6 4

10 0.6 6

Nil 0.30r0.6 6or8

Source: Adapted from Bryan and Stone (1975).

OLDER ADULTS
Older adults eliminate Pen G and many other antibiotics
more slowly via the kidney. If large doses are used, serum

level monitoring and appropriate dosage reduction may be
needed (Ljungberg and Nilsson-Ehle, 1987).

5. PHARMACOKINETICS AND
PHARMACODYNAMICS

5a. Bioavailability

CRYSTALLINE PEN G

Pen G is 46-58% protein bound, and its half-life in normal
adults is only about 30 minutes (Kunin, 1967). Nevertheless,
immediate high serum levels are attained after rapid iv.
injection of this preparation. If a dose of 1.2 g is administered
intermittently i.v. every 2 hours, or 1.8 g every 3 hours, a
mean serum concentration of approximately 20 pg/ml is
attained (Bryan and Stone, 1975). This is adequate for the
treatment of severe infections. Plaut et al. (1969) studied
serum levels in 10 patients with normal renal function who
received an i.v. injection of 3 g of sodium Pen G over a 3- to
5-minute period. The resulting mean serum concentration
after 5 minutes was 400 pug/ml, and after 10 minutes, 273 ug/ml.
During the first hour there was a rapid decrease in the serum
concentrations (due to both distribution and elimination of
the drug), after which the mean serum level was 45 pg/ml.
The subsequent fall in serum levels was slower, and presum-
ably this was mainly due to Pen G elimination; at 4 hours
the mean serum level was 3.0 pg/ml. When the same dose
of Pen G was administered by continuous infusion over a
6-hour period, 2 hours was required to achieve a serum level
of 12-20 pg/ml, which then could be maintained only by the
use of a constant-infusion pump. If the infusion was given by
an ordinary i.v. drip, large fluctuations of serum levels were
observed, despite close supervision.

After intramuscular administration of Pen G a peak serum
level is obtained within a half hour; after 0.6 g this is usually
12 ug/ml. The level then falls rapidly, but detectable serum
levels remain for 4-6 hours. As noted, the usual half-life of
the drug is only 30 minutes. The height of the peak and per-
sistence of serum levels depend on the dose, but the relation
is not always linear. There is also an individual variation, and
even in the same subject the response may vary under differ-
ent conditions. For instance, the period of sustained thera-
peutic levels is shorter in healthy ambulatory volunteers than
in patients confined to bed. Diabetic patients may absorb
Pen G relatively poorly from i.m. sites (Weinstein and Dalton,
1968).

With an i.m. dose of 21 mg/kg in children, a peak serum
level of 10-15 ug/ml is attained in 30 minutes. The level then
falls to zero in 4-6 hours (Shann et al., 1987). In newborn
infants, after an i.m. dose of 15 mg/kg body weight of crystal-
line Pen G, the mean peak serum level at 30-60 minutes is
approximately 22 pg/ml; this level falls to 1.0-2.0 pug/ml after
12 hours. Pen G does not accumulate if this dose is given



every 12 hours. Following a dose of 30 mg/kg, a peak level
of approximately 40 pg/ml occurs, but the level at 12 hours
is similar to that resulting from a dose of 15 mg/kg. There is
also no accumulation of Pen G when a dose of 30 mg/kg is
given every 12 hours (McCracken et al., 1973). In general,
Pen G serum levels are independent of birth weight, except
in infants with a birth weight less than 2000 g, in whom peak
serum levels are slightly lower, possibly because more of the
drug is distributed in extracellular fluid (McCracken, 1974).
With older infants, mean serum levels after these doses
become lower, because the Pen G half-life decreases as post-
natal age increases.

Johnson et al. (2001) evaluated the dosing requirements
for Pen G in the third trimester of pregnancy for prophylaxis
against group B streptococcus. The authors found that 1 mil-
lion units every 4 hours was required to ensure maximum
exposures against group B streptococcus.

PROCAINE PEN G

After im. injection of an aqueous suspension of procaine
Pen G, a peak serum level is reached in 2-3 hours and in
adults given 0.6 g or more, detectable levels are usually main-
tained for at least 24 hours. When i.m. procaine penicillin in
a dose of 50 mg/kg is given to children, the peak serum level
3-6 hours later is 4-6 pg/ml, and the serum level remains
above 1 pg/ml for 26 hours (Shann et al., 1987). In infants
aged less than 1 week, following i.m. procaine Pen G in a
dose of 50 mg/kg body weight, the mean serum level 2-12
hours later is 7 pug/ml, and the level at 24 hours is 1.5 ug/ml.
Pen G does not accumulate in the body if this dose is repeated
every 24 hours. Lower serum levels (5-6 pg/ml) during the
first 4 hours and 0-0.4 ug/ml at 24 hours occur if this dose is
given to infants older than 1 week (McCracken et al., 1973;
McCracken and Nelson, 1983).

BENZATHINE PEN G

Benzathine Pen G produces prolonged therapeutic serum
levels after i.m. injection. In young adults, after a single injec-
tion of 1.8 g of benzathine Pen G, the mean serum Pen G con-
centration was 0.2 pg/ml after 48 hours, 0.05 pg/ml at 6 days,
and 0.02 pg/ml at 13 days. At 13 days, 33% of subjects already
had negligible serum Pen G concentrations, and thereafter
no subjects had significant serum levels. After the same dose
was given to elderly subjects, mean serum levels of 0.37, 0.1,
0.05, and 0.04 pg/ml occurred at 48 hours, 6 days, 13 days, and
20 days, respectively. Thereafter, serum Pen G levels became
undetectable (Collart et al., 1980). Prolonged and higher
serum levels in elderly subjects are due to delayed renal
excretion of Pen G. Kaplan et al. (1989a) administered 0.9 g
of benzathine penicillin to young adults. Mean serum Pen G
levels remained > 0.02 pg/ml for 21 days, but by 28 days only
44% of the serum samples had detectable levels of Pen G. It
was concluded that i.m. injections more frequent than every
4 weeks are needed for rheumatic fever chemoprophylaxis
(see section 7). Dosing of benzathine penicillin G has been
tested in silico, using PK data from predominantly young
and healthy people (Neely et al., 2014). Neely et al. (2014)
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found that approximately one third and two thirds, respec-
tively, of subjects maintained concentrations > 0.02 pg/ml if
1.2 million units of dosing was repeated every 3 weeks and
every 2 weeks, respectively, suggesting that optimal effects
are likely to require more frequent administration.

Ginsburg et al. (1982) studied serum levels of Pen G
after i.m. benzathine Pen G administration to children aged
1.8-10.7 years. Seven children who weighed less than 27 kg
received a single dose of 0.45 g, and six who weighed 27 kg or
more were given a dose of 0.9 g. Serum level-time curves
were similar for the two groups for the entire study period
of 30 days. The mean peak serum concentration attained at
24 hours was 0.16 pug/ml, and subsequent mean serum levels
were 0.075, 0.04, and 0.01 pg/ml on days 5, 10, and 18,
respectively. Because Pen G serum levels were > 0.01 pg/ml
at day 10 in this study, some clinicians consider that benza-
thine Pen G may be appropriate therapy for group A strepto-
coccal pharyngitis (see section 7). However, on day 30, Pen G
was undetectable in the serum of all children in this study,
suggesting that monthly administration of this preparation
may not be adequate for rheumatic fever chemoprophylaxis
or for the prevention of pneumococcal infections (see sec-
tion 7).

In newborn infants, after an i.m. dose of 37.5 mg/kg body
weight, a mean peak serum level of 1.20 pg/ml is attained
12-24 hours after administration, which falls to 0.65-0.90
pg/ml at 4 days, and concentrations of 0.07-0.09 pg/ml are
still detectable at 12 days (Kaplan and McCracken, 1973;
Klein et al., 1973).

5b. Drug distribution

Pen G penetrates into bronchial secretions to a modest
degree; peak sputum concentrations are only 5-20% of those
in serum (Symonds, 1987). Pen G diftuses quite readily into
lung empyemas, uncomplicated parapneumonic effusions
(Taryle et al., 1981), and ascitic fluid (Gerding et al., 1977).
Similarly, the drug penetrates well into pericardial and syno-
vial fluids. Pen G easily diffuses into inflamed tissues, where
it persists longer than in normal tissues (Florey et al., 1946).
Pen G concentrations in purulent saliva of patients with
bacterial parotitis are considerably higher than in nonpuru-
lent saliva of healthy patients (Eneroth et al., 1978). The
drug’s passage into hematomas is quite good (Bergman,
1979), but it is poor into noninflamed bone, avascular areas,
and abscesses.

Penetration of Pen G into the CSF of patients with non-
inflamed meninges is poor. Hieber and Nelson (1977) stud-
ied serial CSF Pen G concentrations in children with bacterial
meningitis who were treated by i.v. Pen G in a dosage of
0.15 g/kg per day. Mean CSF Pen G concentrations on days 1,
5, and 10 of therapy were 0.8, 0.7, and 0. 3 pg/ml, respectively.
These decreasing CSF levels correlated with the return of
CSF protein concentrations toward normal. In adult patients
with secondary, latent, and central nervous system syphilis,
Pen G usually cannot be detected in the CSF after adminis-
tration of i.m. benzathine Pen G in doses of 1.8 or 5.4 g. The
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same is true if i.m. procaine Pen G is used in a daily dose
of 2.4 g. Treponemicidal CSF Pen G concentrations (0.06—
1.0 pg/ml) are usually attained by three other treatment
regimens: (1) crystalline Pen G, 2.4 g i.v. every 4 hours;
(2) crystalline Pen G, 0.3 g i.v. or i.m. every 6 hours plus oral
probenecid 0.5 g every 6 hours; and (3) procaine Pen G, 2.4 g
i.m. daily, plus 0.5 g oral probenecid every 6 hours (Dunlop
et al., 1979; Polnikorn et al., 1980; Ducas and Robson, 1981;
Dunlop et al., 1981). After i.m. administration of 50 mg/kg
body weight procaine Pen G to neonates, the drug can always
be detected in the CSF; mean peak CSF levels of 0.7 + 0.35
(SEM) pg/ml occur 12 hours after administration (Speer et
al., 1981). In animal experiments, Pen G penetrates to some
extent into inflamed brain tissue and brain abscesses, where
its concentration is reduced by concomitant administration
of corticosteroids. By contrast, corticosteroids do not reduce
penetration into brain tissue of lipophilic drugs, such as chlor-
amphenicol and metronidazole (Kourtépoulos et al., 1983a).
Pen G should not be administered intrathecally because of
the risk of neurotoxicity.

When parenteral Pen G is administered to subjects with
normal meninges, CSF Pen G levels are kept low, not only
by passive CSF flow into the venous system via the arachnoid
villi but also by an active transport system localized in the
choroid plexus, which specifically excretes Pen G and other
organic acids from the CSF (Hieber and Nelson, 1977; Norrby,
1978). In patients with meningitis, there is increased vascu-
lar permeability, allowing more Pen G to enter the CSF and a
decreased clearance from the CSF by partial inhibition of the
organic acid pump. In normal animals and in those with
experimental bacterial meningitis, CSF Pen G levels increase
two to three times if probenecid is also given. This increase is
greater than can be expected from the associated serum level
increase (see section 5e). Probenecid elevates the CSF Pen G
concentration by directly inhibiting excretion of organic acids
from the CSF (Dacey and Sande, 1974). This probenecid
effect may precipitate encephalopathy if Pen G is used in
large doses. Probenecid has the same effect on CSF concen-
trations of other penicillins and cephalosporins. Occasionally
this action may be useful therapeutically to increase CSF
antibiotic levels, for instance in the treatment of neurosyphi-
lis (see section 7). In animals, Pen G CSF levels are consider-
ably increased if the drug is given approximately 1 week after
whole brain irradiation. Paradoxically, if probenecid is also
given, CSF Pen G levels in irradiated animals are lower than
in animals receiving irradiation alone. The mode of action of
probenecid in this situation is not understood (Kourtépoulos
et al., 1983b).

Pen G enters erythrocytes. If it is given by a direct i.v.
injection followed by a constant Pen G infusion, the red
blood cell Pen G concentration equals or exceeds the serum
concentration after 2 hours. If Pen G administration is then
ceased, the erythrocytic Pen G concentration is only halved in
50-60 minutes, whereas the serum Pen G half-life is 30 min-
utes. This slower rate of efflux of Pen G from erythrocytes
probably helps maintain high initial drug levels for a longer
period (Kornguth and Kunin, 1976). Pen G, unlike antibiotics

with good lipid solubility, such as chloramphenicol and rifam-
picin, penetrates poorly into human polymorphonuclear
leukocytes and into enucleated human polymorphonuclear
leukocytes (cytoplasts) (Prokesch and Hand, 1982; Hand and
King-Thompson, 1990).

Serum Pen G levels are likely to be lower in pregnant than
in nonpregnant patients after the same dose of the drug. This
is because both the distribution volume and the renal clear-
ance of Pen G increase during pregnancy. This phenomenon
has been best studied with ampicillin (see Chapter 5, Ampi-
cillin and Amoxicillin), but it is likely to apply to most other
penicillins and cephalosporins (Chow and Jewesson, 1985).
The drug crosses the placenta, producing adequate concen-
trations in both the fetus and amniotic fluid, except that fetal
levels are low during the first trimester (Chow and Jewesson,
1985).

5c. Clinically important pharmacokinetic
and pharmacodynamic features

Similar to other beta-lactams, the clinical efficacy of Pen G
is best correlated with the duration of the dosing period in
which the drug concentrations at the site of infection are
above the MIC of the infecting pathogen (“time above the
MIC”). The exposure of the drug associated with maximal
bacterial killing can be different for different bacterial spe-
cies, with little data available on what antibiotic exposure will
suppress the emergence of resistant bacteria. In an in vitro
model suboptimal dosing of Pen G was associated with emer-
gence of resistant S. pneumoniae isolates, supporting the
need for optimized dosing regimens (Odenholt et al., 2003).

The therapeutic superiority of intermittent versus contin-
uous i.v. Pen G administration remains controversial. In ani-
mals, intermittent therapy may result in greater drug levels in
interstitial fluid and fibrin clots (Barza, 1981; Bergeron et al.,
1981). In a rabbit model of meningitis, an initial acceleration
in bactericidal rate with a bolus injection occurs in the first
2 hours of therapy, but thereafter the rate of bacterial killing
is identical with bolus and constant i.v. infusion of equivalent
doses of Pen G (Sande, 1981). Nevertheless, given that Pen G
efficacy is best correlated with time above the MIC, there has
been a renewed interest in beta-lactam antibiotic adminis-
tration by continuous infusion. The availability of improved
i.v. drug delivery systems has overcome some of the prob-
lems previously associated with this method of drug admin-
istration. However, most of the studies of continuous infusion
have been undertaken with newer beta-lactams, such as cef-
tazidime for Pseudomonas infections, rather than with Pen G.
In this setting, studies have shown that lower daily dose of
ceftazidime would be needed if the drug was given by con-
tinuous i.v. infusion. However, significant data from clini-
cal trials in humans are not yet available (Drusano, 1988;
Craig and Ebert, 1992). Walton et al. (2007) demonstrated
that continuous infusion of penicillin was practical and safe
for home-based therapy of deep-seated infections caused
by penicillin-susceptible organisms. Continuous-infusion
Pen G is now recommended in some national guidelines,



particularly for home-based i.v. therapy (Antibiotic Expert
Group, 2014).

5d. Excretion

If renal function is normal, over 70% of an injected dose of
Pen G is excreted within 6 hours, mainly as the active drug,
and high urinary concentrations are attained. In healthy
adults, only about 10% of an injected dose of Pen G is
excreted by glomerular filtration, the remainder predomi-
nantly by tubular secretion (McCracken et al., 1973). Animal
experiments indicate that this secretion takes place in the
proximal tubules and that a small amount (about 10% of
the administered dose) is then reabsorbed in the collecting
ducts (Bergeron et al., 1975). After this rapid elimination
phase of Pen G, there may follow a slow elimination phase
(Ebert et al., 1988). In human volunteers the serum levels
were still approximately 0.01 pg/ml 9 hours after admin-
istration of 0.6 g Pen G i.v. In newborn infants excretion is
predominantly by glomerular filtration, because of the imma-
turity of tubular function at that age (McCracken et al.,
1973); this results in a prolonged Pen G serum half-life.

In patients with impaired renal function, the Pen G serum
half-life increases as renal function deteriorates (Plaut et al.,
1969), but the drug still disappears from the blood at a sig-
nificant but reduced rate in anuric patients. Elderly subjects
also have a diminished renal tubular secretory ability and are
liable to Pen G neurotoxicity, if large doses are given i.v. (see
section 4c). Renal tubular secretion can be partly blocked
by probenecid and, if probenecid is co-administered, Pen G
serum concentrations are approximately doubled; other drugs
can also increase Pen G levels (see section 5b).

Some active Pen G is eliminated in bile. In animals, the
drug is actively secreted into the bile and amounts to about
4.5% of the administered dose. Probenecid may reduce biliary
secretion and possibly also interfere with Pen G inactivation
in the liver because it significantly prolongs the cloxacillin
half-life in anephric patients (Nauta et al., 1974).

Pen G that is not excreted in urine or bile (usually less
than 30%) is inactivated in the liver, producing mainly peni-
cilloic acid (Cole et al., 1973). Inactivation of Pen G is more
rapid than that of other penicillins, such as ampicillin and
carbenicillin, so that in anuric patients the serum half-life
of Pen G is only 3 hours, but with ampicillin and carbenicil-
lin it is 7-8 hours and 15 hours, respectively. Serum levels of
Pen G decline very slowly in patients with severe hepatic and
renal dysfunction (Bryan and Stone, 1975).

5e. Drug interactions

When probenecid is given with Pen G, serum levels are
almost doubled. Nauta et al. (1974), studying the effect of
probenecid on the distribution of cloxacillin in anephric
patients, and Barza et al. (1975), performing animal experi-
ments, showed that probenecid did not confine Pen G to the
vascular space and limit its access to organs and tissues, as
originally postulated. Therefore, probenecid can be used to
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enhance serum levels of penicillins or cephalosporins, and
this will not lower the antibiotic concentration at the site of
infection. The adult dosage of probenecid for this purpose is
2.0 g daily. The daily doses for children are 0.5-0.75, 0.75-
1.25, and 1.25-1.5 g for children aged 2-4, 5-9, and 10-14
years, respectively. This is administered orally, usually in four
divided doses. Probenecid is seldom used today in combina-
tion with the penicillins, although there is really no good rea-
son why its use should not be encouraged.

Various other drugs, especially organic acids, may com-
pete with Pen G for renal tubular secretion, similar to pro-
benecid. In this way, the Pen G half-life may be prolonged
by aspirin, phenylbutazone, sulfonamides, indomethacin,
thiazide diuretics, furosemide, and ethacrynic acid (Leading
Article, 1975).

The absorption of oral penicillins may be altered during
treatment with proton pump inhibitors as a result of the
increased intragastric pH (Unge and Andersson,1997; see
Chapter 4, Phenoxypenicillins).

6. ADVERSE REACTIONS AND TOXICITY

A summary of the common adverse reactions associated
with Pen G are shown in Table 3.7.

6a. Hypersensitivity reactions

Modern assessments have demonstrated that almost 10% of
the population recount a penicillin adverse drug reaction
(ADR) (Macy, 2014; Trubiano et al., 2016b). Many penicillin
ADRs are in fact nonimmune mediated, dose-dependent drug
side effects (Type A ADRs) (Rawlins, 1977). Remaining ADRs
that are consistent with true immune-mediated reactions
(i.e. urticaria, angioedema, anaphylaxis, and exanthems) are
considered Type B ADRs (Rawlins, 1977). Type B ADRs

Table 3.7. Common adverse effects of benzylpenicillin.

Side effects Comment

Hypersensitivity reactions Principally rashes
0.05% of Pen G-treated patients
2% of Pen G-treated patients

Stevens—-Johnson syndrome

Anaphylaxis
Serum sickness

may occur
Contact dermatitis
Jarisch-Herxheimer reactions  Usually limited to the treatment
of syphilis or leptospirosis
Neurotoxicity Excessively high doses i.v.
Nephropathy
Hemolytic anemia Excessively high doses i.v.
Other hematologic reactions ~ Neutropenia; coagulation
disorders
Potassium overload with the
potassium salt following

massive doses

Cation intoxication

Reactions peculiar to
procaine penicillin

CNS reactions, including
convulsions
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include immediate (IgE mediated), accelerated or delayed
(cytotoxic or immune complex mediated), and delayed (T-cell
mediated) hypersensitivity reactions that can follow therapy
with either Pen V or Pen G. Sensitization can occur with and
without previous penicillin therapy. While some immune-
mediated reactions to penicillin can persist, many in fact
wane with time, as reported by Gadde et al. (1993). In fact,
almost 90% of patients with a history of penicillin allergy have
such a “label” removed with formal skin prick testing and
subsequent oral challenge (Bourke et al., 2015). This is par-
ticularly so for patients with a history of penicillin allergy
dating from the 1940s and 1950s when the product was ham-
pered by impurities (10-15% pure), resulting in a significant
number of nonimmune mediated ADRs, such as Arthus reac-
tions (Jaslowitz, 1945; Price, 1945). Previous editions of this
text described hypersensitivity reactions in relation to four
domains: (1) anaphylaxis, (2) serum sickness, (3) contact der-
matitis, and (4) local reactions. However, given substantial
improvements in our understanding about drug allergy, a
revised description of penicillin ADRs based on the updated
Gell and Coombs classification (Gell, 1963) as outlined by
Pichler et al. (2007) is required.

The Pen G molecule may evoke allergy by acting as a hap-
ten and combining with body proteins to form an antigenic
compound. Various derivatives of penicillin, including the
five-membered beta-lactam ring and six-membered thiazoli-
dine ring (6-APA), are shared among other semisynthetic peni-
cillins (e.g. flucloxacillin, oxacillin, piperacillin-tazobactam)
and therefore can predict cross-sensitivity (Joint Task Force
on Practice Parameters et al. 2010), It was initially predicted
that all penicillins derived from 6-APA would cross-react in
sensitized individuals, but this is clearly now not the case. Less
than 5% patients with a primary penicillin hypersensitivity
will display cross-reactivity to cefazolin (first generation) and
and 1% of such patients will cross-react to ceftriaxone (third
generation) (Buonomo et al., 2014; Macy, 2014; Martinez
Tadeo et al., 2015). The antigenic determinant is rarely the
beta-lactam ring, with recent evidence demonstrating that R1
side chains play a major large role (see Figure 3.2). Therefore,
cephalosporins, carbapenems, and monobactams that don’t
share an R1 side chains are more often than not tolerated in
patients with penicillin hypersensitivity (Romano et al., 2010;
Romano et al., 2015; Romano et al., 2004a; Romano et al.,
2004b). Antibiotics that share an R1 side chain with penicil-
lin include cephalothin and cefoxitin (Antunez et al., 2006;
Lagace-Wiens and Rubinstein, 2012; Trubiano and Phillips,
2013). A recent review succinctly outlined the antibiotics that
share an R1 side chains with penicillin (see Table 3.8) and the
conserved core structures between penicillins, aminopeni-
cillins, and cephalosporins (see Figure 3.2) (Trubiano and
Phillips, 2013).

The Pen G molecule does not combine readily with pro-
tein to produce an antigen, and the actual haptens are vari-
ous penicillin breakdown products, the so-called major and
minor determinants. The most important of these is the
penicilloyl derivative, which is formed by breaking of the

beta-lactam ring; this may become stably attached to pro-
tein via an amino group. This penicilloyl derivative can arise
directly from Pen G or through an intermediary, penicillanic
acid, which is another penicillin degradation product. The
conjugate of the penicilloyl derivative with body proteins is
commonly called the major antigenic determinant (Idsee et
al., 1972). Other penicillin degradation products, such as pen-
icilloic acid, which are also involved in allergy, are grouped
together and called minor antigenic determinants. Previously
it was considered that the major antigenic determinant could
not be used for skin testing procedures because it was itself a
potent sensitizing agent, but this has been overcome by using
the penicilloyl derivative conjugated with polymerized lysine,
forming penicilloyl-polylysine (PPL). PPL is now widely
used as a safe testing reagent (Bourke et al., 2015; Fernandez
et al., 2013; Joint Task Force on Practice Parameters et al.,
2010; Romano et al., 2007). The utility of the minor deter-
minant mixture (MDM) remains controversial (Solensky
and Macy, 2015), with some centers uisng benzylpenicillin
as a skin reagent in its place when the MDM is unavailable
(Rosenfield et al., 2015).

Pen G can become more allergenic after a period in solu-
tion, either because it is degraded to more allergenic sub-
stances or because of the formation of high molecular weight
Pen G polymers (Dewdney et al., 1971). It is therefore always
wise to use freshly prepared Pen G solutions.

Based on these considerations the major penicillin-asso-
ciated Type B ADRs can be best classified according to the
following: (1) IgE, (2) cytotoxic, (3) immune complex, and
(4) T-cell mediated reactions.

IgE-MEDIATED (IMMEDIATE) REACTIONS

IgE-mediated reactions are Type B1 hypersensitivity reactions
occurring in previously sensitized patients or de novo. The
pruritus, urticaria, angioedema that can follow penicillin
therapy generally responds to antihistamine-based therapy
and is not life-threatening. Anaphylaxis, while rare, is poten-
tially fatal without appropriate therapy. Features of anaphy-
laxis are nausea, vomiting, abdominal pain, pallor, tachycardia,
severe dyspnea due to bronchospasm, rigors, loss of con-
sciousness, and peripheral circulatory failure due to vasodi-
lation and loss of plasma volume into the tissues. Acute
urticaria and angioneurotic edema, which may affect the lar-
ynx, can also occur (Austen, 1974). Anaphylactic reactions
are largely mediated by IgE (reaginic) antibodies, but certain
IgG subclass antibodies may also play a part (Parker, 1975).
In large-scale surveys, anaphylactic reactions have occurred
in approximately 0.05% of Pen G-treated patients (Idsoe et
al., 1968; Holgate, 1988; Lin, 1992). Thus anaphylaxis to Pen
G has been previously estimated to occur in 1-5 per 10,000
patients treated, with fatalities in as many as 1-5 of 100,000
treated patients (Lin, 1992). Thus about 10% of anaphylactic
reactions may be fatal (Polk, 1982). Parenteral Pen G accounts
for nearly all cases of anaphylaxis, but there are occasional
reports following the use of oral potassium Pen G (Spark,
1971). “Accelerated” reactions, occurring within 2-48 hours,
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Figure 3.2. Structure of conserved regions and side chains of common beta-lactam antibiotics. Panel 1: Demonstrates
structures of beta-lactams. Beta-lactams consist of four-member a beta-lactam ring, the penicillins connected to a five-
member thiazolidine ring, and cephalosporins to a six-member dihydrothiazine ring. Penicillins have one side chain (R1), and
cephalosporins have two (R1 and R2). Whereas R2 provides useful pharmacological properties, R1 has the greatest immuno-
genic properties. Monobactams and carbapenems also have side chains (R ) that commonly do not cross-react. Panel 2:
Demonstrates the common penicillin, aminopenicillin, and cephalosporin core structures (shaded regions) and R1/R2 side
chains. Cross-reactivity between cephalosporins and penicillin with different side chains due to IgE against the beta-lactam
core is uncommon, as rapid degradation of the cephalosporins forms molecules with no clear structural similarities to the
major and minor determinants of penicillin. (Adapted with permission from Trubiano and Phillips (2013).)

Table 3.8. Beta-lactam antibiotics that share identical R1-group sides chains

Key beta-lactam group with identical R1-group side chain

Penicillin G Amoxicillin Ampicillin
Cephaloridine Cefadroxil Cefaclor®
Cephalothin Cefprozil Cephalexin
Cefoxitin® Cefatrizine Cephradine
Cephalexin® Cephaloglycin
Loracarbef

Ceftriaxone Cefoxitin

Cefotaxime Cephaloridine
Cefpodoxime Cephalothin
Cefditoren

Ceftizoxime

Cefmenoxime

Cefepime®

Ceftazidime

Aztreonam

Cefamandole
Cefonicid

2Significant similarity, however not identical.
bCefaclor has a similar R1 structure to cefuroxime.

Source: Adapted with permission from Trubiano and Phillips (2013).
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may sometimes happen in previously sensitized patients and
take the form of urticaria, but laryngeal edema may also ensue
(Idsoe et al., 1972). Accelerated reactions may also result in
anaphylaxis and may be fatal. These reactions are also medi-
ated by IgE antibodies (Lin, 1992). The treatment of anaphy-
laxis was recently reviewed by the Lieberman et al. (2015) on
behalf of the American Academy of Allergy, Asthma and
Immunology (AAAAI) and should be referred to for the
management of serious immediate hypersensitivity. In gen-
eral, treatment of anaphylaxis should include immediate i.m.
administration of 500-1000 pg (0.5-1.0 ml of a 1:1000 solu-
tion) of adrenaline (epinephrine), which is repeated every
5 minutes until improvement occurs (Leading Article, 1981;
Sullivan, 1982; Australasian Society of Clinical Immunology
and Allergy, 2016; Lieberman et al., 2015). Intramuscular
injection is preferred because absorption of adrenaline from
subcutaneous injection is too slow. Penicillinase has no place
in the emergency treatment of anaphylactic reactions. It rap-
idly breaks down circulating Pen G, but probably has no effect
on preformed antigen-antibody complexes; also penicillinase
itself may provoke sensitivity reactions (Idsee et al., 1968).

CYTOTOXIC AND IMMUNE COMPLEX-MEDIATED
REACTIONS

Cytotoxic reactionsare defined as Type BII- and BIII-mediated
reactions (Pichler, 2007), which can occur in approximately
2% of patients treated with Pen G (Polk, 1982). While these
were previously thought to appear 7-10 days after primary
administration of Pen G, they can infact be accelerated and
occur on rare occasions within 5-72 hours of administration
(Pichler, 2007). In the case of serum sickness, circulating
immune complexes are produced after exposure to Pen G, the
formation of which is possible because intravascular antigen
is still present when antibody is first produced (Parker, 1975).
Serum sickness is characterized by fever, malaise, urticaria,
joint pains, lymphadenopathy, and occasionally angioneurotic
edema. Erythema nodosum is a less common manifestation.
Drug fever may be the sole manifestation of Pen G-induced
serum sickness (Young et al., 1982a). However, some authors
consider that the mechanisms by which drugs induce fever
have not been well delineated and that this reaction may not
have an allergic basis (Mackowiak and Le Maistre, 1987).
Serum sickness is usually not serious, and it subsides when
Pen G is withdrawn. Antihistamines are helpful, but in severe
cases corticosteroids are necessary.

Cytotoxic reactions can occur from 5 hours to more than
72 hours postexposure and are typically associated with hemo-
lytic anaemia and thrombocytopenia (Pichler, 2007). While
no formal testing platform exists for this, drug-specific anti-
platelet antibodies can be looked for. The mechanism is
believed to be hapten-induced antibiotic production for both
Pen G and Pen V (Arnold et al., 2013). Penicillin can form a
covalent bond with proteins on the surface of red blood cells
and platelets, resulting in immune hemolytic anaemia and,
less commonly, thrombocytopenia (Garratty, 1993; Salamon
et al., 1984).

T-CELL-MEDIATED REACTIONS

T-cell-mediated reactions against Pen G and Pen V are clas-
sified as Type BIV. These have been further subdivided based
on the predominant cellular mechanism, which has been
discussed previously (Pichler, 2007). Penicillin has been
implicated in T-cell-mediated contact dermatitis, fixed-drug
eruptions (FDE), maculopapular exanthems (MPE), drug-
induced liver injury (DILI), acute interstitial nephritis (AIN),
and severe cutaneous adverse reactions (SCAR). SCAR syn-
dromes include drug reaction with eosinophilia and systemic
symptoms (DRESS), acute generalized exanthematous pus-
tulosis (AGEP), Stevens-Johnson Syndrome (SJS), and toxic
epidermal necrolysis (TEN). Recent studiesindicate that anti-
biotics are implicated in 50% of SCAR and other T-cell-
mediated cutaneous adverse drug reactions, with penicillin
commonly being blamed (Forman et al., 2002; Lin et al.,
2014; Su and Aw, 2014; Trubiano et al., 2016a). While peni-
cillin MPE is also frequently reported in children, very few
cases prove to be reproducible on oral penicillin challenge
(Caubet et al., 2015; Vezir et al., 2016), and likely reflect
direct viral infections or virus-drug interactions. Contact
reactions can result from topical Pen G application or expo-
sure to Pen G aerosol; it is an occupational disease of nurses
and other healthcare workers. Reports of penicillin-related
T-cell-mediated reactions are likely to be become less fre-
quent as broader-spectrum penicillins, aminopenicillins, and
other beta-lactams, are employed more commonly.

LOCAL REACTIONS

Swelling and redness at the site of Pen G injections may
occur. A careful clinical history still remains the main indica-
tor of possible reactors to Pen G. Idsge et al. (1968) analyzed
151 deaths due to Pen G reported from 1951 to 1965; 38 sub-
jects had a history of previous reaction, and in 74 others the
previous drug history was not recorded. Some authors have
previously considered that patients with a history of asthma,
hay fever, and other allergies are more likely to react to Pen G
(Smith, 1974), but subsequently no correlation has been
noted between these issues and with a family or personal his-
tory of other allergies (Horowitz, 1975). In any case, a theo-
retical increased risk of Pen G reactions in patients with other
allergies appears outdated, and the drug may be given to them
whenever it is indicated.

TESTING FOR IMMUNE-MEDIATED PENICILLIN
ALLERGY

Previously, routine testing for sensitive individuals before
Pen G administration was not practicable. However, with the
increasing emergence of multiresistant pathogens and rela-
tively few new antibiotics being developed, the option of for-
mal testing for allergy to beta-lactams (and other agents)—
so-called allergy de-labeling—is gaining favor, especially in
high-risk patients (Trubiano and Phillips, 2013; Trubiano et
al., 2015; Trubiano et al., 2016b). Former suggestions that skin
tests using Pen G as an antigen were inadvisable (even in small



doses), is now thought to be incorrect. Increased reports of
successful inpatient and acute-care penicillin skin testing
have been noted, resulting in increasing beta-lactam and
penicillin use (Arroliga et al., 2003; King et al., 2016; Macy et
al., 2004; Raja et al., 2009; Rimawi et al., 2013). The penicil-
loyl-polylysine skin test is safe in spite of very rare reports of
anaphylaxis. The predictive value of skin testing was thought
to be increased if PPL was combined with a minor determi-
nant mixture (Levine and Zolov, 1969; Lin 1992), but subse-
quent reports have questioned this statement (Solensky and
Macy, 2015). In modern practice, when PPL and MDM are
used in combination with other reagents, such as Pen G and
an aminopenicillin, for both skin prick and intradermal test-
ing, the sensitivity is 70%, specificity 97-100%, negative pre-
dictive value 97-99% and positive predictive value 40-100%
(Bourke et al., 2015; Joint Task Force on Practice Parameters
et al., 2010; Kranke and Aberer, 2009). Pen G allergy may be
lost after some years (Gadde et al., 1993), but in others it per-
sists for a long time, possibly for life (Lin, 1992). Thus regard-
less of the skin-testing result, absence of true allergy should
be confirmed with either a single- or two-step oral challenge
(Bousquet et al., 2008; Joint Task Force on Practice Parameters
et al., 2010).

Recent reviews, published jointly by the European Net-
work for Drug Allergy and the European Academy of Allergy
and Clinical Immunology, provide useful information on the
diagnosis of immediate and nonimmediate allergic reactions
to beta-lactam antibiotics (Demoly et al., 2014; Joint Task
Force on Practice Parameters et al., 2010). While most skin
testing is centered on patients with immediate penicillin
hypersensitivity syndromes, delayed intradermal and patch
testing can be employed for delayed (T-cell-mediated) reac-
tions with variable sensitivity, depending on the phenotype,
as reviewed by Rive et al. (2013).

While desensitization of Pen G-allergic patients has pre-
viously been thought to be impracticable, in an era of in-
creasing antimicrobial resistance, the use of desensitization
procedures to allow the use of appropriate antibiotic thera-
pies has gained favor (Legendre et al., 2014). Desensitization
is associated with inherent risks (Holgate, 1988; Lin, 1992),
however adverse events are infrequently reported when per-
formed in a controlled supervised environment. Convenient
oral desensitization protocols are currently available (see
Table 3.9). It is important to remember that desensitization is
lost if greater than four half-lives of the drug have passed
between penicillin doses; in such situations, the desensitiza-
tion procedure must be reundertaken. Further, while success
has been reported for patients with a history of non-SCAR
T-cell-mediated penicillin allergy, desensitization is designed
for patients reporting an immediate (IgE) mediated history
(Legendre et al., 2014).

6b. Reactions specific to procaine Pen G

Occasionally, severe reactions, and even death, occurring
during or shortly after an i.m. injection of procaine Pen G
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Table 3.9. Oral desensitization protocol for penicillin G or
penicillin V2

Step Pen V Cumulative
(at 15-minute  suspension Volume  Dose dose
intervals) (mg/ml) (mL) (mg) (mg)
1 0.5 0.1 0.05 0.05
2 0.5 0.2 0.1 0.15
3 0.5 0.4 0.2 0.35
4 0.5 0.8 0.4 0.75
5 0.5 1.6 0.8 1.55
[¢) 0.5 3.2 1.6 3.15
7 0.5 6.4 3.2 6.35
8 5.0 1.2 6 12.35
9 5.0 2.4 12 24.35
10 5.0 4.8 24 48.35
11 50 1 50 98.35
12 50 2 100 198.35
13 50 4 200 398.35
14 50 8 400 798.35
15 Observe for 30 minutes; if no reaction,

administer Pen G 1g IV

2Oral desensitization is preferred because it is considered safer than i.v.
desensitization. Oral desensitization may be used even if subsequent
therapy will be parenteral.

Source: Adapted with permission from Antibiotic Expert Group (2014).

may result from accidental i.v. injection. These reactions are
partly caused by microembolization of procaine Pen G parti-
cles to the lungs and brain, which produces hyperventilation,
dilation of pupils, convulsions, and coma. Toxicity due to the
procaine component of the drug is contributory. Early man-
ifestations include marked anxiety, fever, hypertension, tachy-
cardia, vomiting, and audiovisual hallucinations. In severe
cases, there may be convulsions, abrupt hypotension, and car-
diorespiratory arrest, which may simulate anaphylaxis. Galpin
et al. (1974) recorded three patients to whom aqueous pro-
caine Pen G was administered inadvertently by i.v. infusion.
Within 15 minutes, one patient developed a generalized
seizure and cardiorespiratory arrest with slow idioventricu-
lar rhythm, but recovered with resuscitation. The other two
patients had acute anxiety, tachypnea, dizziness, and tinnitus.

Procaine Pen G may cause less severe side effects. Some
patients experience extreme anxiety and a sensation of im-
pending death after an i.m. injection, but show no abnormal
physical signs, such as shock or bronchospasm. Halluci-
nations, disorientation, or psychotic behavior may occur.
Minor physical abnormalities, such as tachycardia, hyperten-
sion, or twitchings of extremities, are sometimes observed.
Attacks usually subside after 15-30 minutes, but some patients
may exhibit mental lability for several months (Silber and
D’Angelo, 1985). These side effects may occur more com-
monly in patients with a past history of mental instability
(Menke and Pepplinkhuizen, 1974). Minor reactions to pro-
caine Pen G develop in 0.1-0.3% of treated patients and
probably result from direct procaine toxicity. In vivo, procaine
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is quickly liberated from procaine Pen G; it can be detected
in the serum immediately after an i.m. injection and measur-
able levels persist for about 30 minutes (Green et al., 1974).
Accidental i.v. injection of part of the dose may sometimes be
a factor. Patients exhibiting this side effect may be regarded
as hysterical by those who are unaware of this clinical entity.

6¢. Jarisch-Herxheimer reaction

A Jarisch-Herxheimer reaction may be evoked when patients
with syphilis are treated with Pen G (see section 7). It was
initially thought to be due to release of endotoxins (lipo-
polysaccharides) from large numbers of killed treponemas,
but this was not borne out by studies in animals (Gelfand et
al., 1976). Other possible causes were considered to be the
formation of immune complexes with treponemal antigens
or the release of a nonendotoxin pyrogen from Treponema
pallidum (Young et al., 1982b). However, it now appears that
the reaction is mediated by the action of cytokines released
into the circulation (Griffin, 1992). The reaction usually occurs
6-8 hours after commencement of Pen G and subsides within
12-24 hours. Features include malaise, chills, fever, sore throat,
myalgia, headache, and tachycardia; there may be an exacer-
bation of existing syphilitic lesions—for example, flaring of
the rash of secondary syphilis (Bryceson, 1976; Gelfand et
al., 1976). Reactions in early syphilis are unpleasant but not
serious. In late cardiovascular or neurosyphilis, serious reac-
tions, although rare, are possible due to aggravation of local
lesions. For instance, patients with late cardiovascular disease
may die during a reaction, and those with cerebral syphilis
may develop increased mental disturbance (Bryceson, 1976).

The Jarisch-Herxheimer reaction may occur in about 50%
of patients treated with Pen G for primary syphilis, 75% of
those with secondary syphilis, and 30% of those with neuro-
syphilis (Gelfand et al., 1976). Corticosteroids may modify
this reaction, especially in early syphilis. Even large doses do
not abolish all clinical and pathologic changes, so their role
in treatment is controversial and probably minimal (Teklu et
al., 1983). All patients with early syphilis, and most with late
cardiovascular and neurosyphilis, can be treated from the
outset with therapeutic doses of Pen G. Initial treatment
with small doses or the concomitant use of corticosteroids is
indicated only in patients in whom there is a serious risk of
increased local damage, for example syphilitic optic atrophy
(Idsoe et al., 1968).

Jarisch-Herxheimer reactions can also occur when cer-
tain other infections are treated by Pen G. They are frequent
in leptospirosis and result in fever, hypotension, and precipi-
tation or aggravation of the features of the disease. The reac-
tion may even precipitate the need for hemodialysis and
adult respiratory distress syndrome (Friedland and Warrell,
1991; Emmanouilides et al., 1994). It may follow the use of
Pen G for the treatment of yaws, rat bite fever, anthrax, and,
rarely, meningococcal meningitis (Berkowitz et al., 1983; see
section 7). A Jarisch-Herxheimer reaction can complicate the
treatment of some infections by other antibiotics. A severe

form may be provoked by tetracyclines in louse-borne relaps-
ing fever, which may be fatal (Bryceson, 1976). High-dose
corticosteroids, given before or at the time of tetracycline
treatment, does not alter the reaction, but it is diminished by
meptazinol (a partial opioid antagonist), given i.v. in a dose
of 300-500 mg to adults (Teklu et al., 1983). The reaction
occasionally follows tetracycline treatment of brucellosis and
tularemia (see Chapter 67, Tetracycline) and chloramphenicol
use in typhoid fever (see Chapter 86, Chloramphenicol and
Thiamphenicol).

6d. Direct Pen G toxicity

Pen G is of very low toxicity to humans, but when “massive
doses” of 60 g daily or more are given i.v., encephalopathy
with drowsiness, hyperreflexia, myoclonic twitches, con-
vulsions, and coma may result (Nicholls, 1980; Snavely and
Hodges, 1984). These very high doses of Pen G are now rarely
indicated. Toxicity is more likely to occur in patients with
impaired renal function and in the elderly (Manian et al.,
1990). In one patient who developed convulsions, the serum
Pen G concentration was 433 pg/ml 2 hours after i.v. admin-
istration of 6 g (Weinstein et al., 1964). CSF Pen G levels
appear to be more important than serum levels; there is little
danger of convulsions unless CSF Pen G levels exceed 5 pg/ml
(Lerner et al., 1967). Animal studies have shown that the brain
tissue concentrations, rather than CSF concentrations, of
Pen G are decisive for neurotoxicity (Schliamser et al., 1988a;
Schliamser et al., 1988b; Schliamser et al., 1989; Schliamser
etal., 1991).

Because the permeability of the blood-brain barrier to
Pen G increases in meningitis, smaller doses may precipitate
encephalopathy in patients with this disease. Cardiopulmo-
nary bypass may in some way predispose patients to Pen G
neurotoxicity. Convulsions, apparently due to i.v. Pen G, have
been observed in patients undergoing open heart surgery
(Seamans et al., 1968). If massive doses of Pen G are admin-
istered, probenecid should not be given (Lerner et al., 1967).
Apart from its action of blocking renal tubular secretion,
probenecid also inhibits efflux of Pen G from the CSF, where
it accumulates (see section 5b). Administration of Pen G
intrathecally can cause encephalopathy; penicillin should
not therefore be given intrathecally. In infants, a daily intra-
ventricular dose of 3 mg Pen G has been used without side
effects (Lee et al., 1977). Such forms of treatment for menin-
gitis are generally unnecessary.

Pen G can be removed from the body by hemodialysis,
but carbon hemoperfusion is far more efficient and is prob-
ably the treatment of choice for Pen G intoxication (Wickerts
et al., 1980). Status epilepticus in Pen G overdosage is the
usual immediate life-threatening complication. Marks and
Cummins (1981) reported a 56-year-old woman who received
1.2 g of crystalline Pen G intrathecally by mistake. Status epi-
lepticus was treated for several days by curarization, infused
thiopentone, and controlled ventilation. CSF lavage was also
performed to reduce the toxic Pen G concentration, and she



subsequently recovered. In animals, Pen G encephalopathy
can be reversed by systemically administered penicillinase
(Raichle et al., 1971).

6e. Nephropathy

Interstitial nephritis, which occurs with many antibiotics,
can complicate i.v. administration of large doses of Pen G
(12-36 g daily) (Baldwin et al., 1968; Roxe, 1980). This usu-
ally ensues after about 8 days’ treatment and is manifested
by fever, eosinophilia, occasional rashes, albuminuria, and a
rise in blood urea. Renal biopsy shows interstitial nephritis
without glomerular abnormalities or arteritis. Most patients
recover when Pen G is stopped. A hypersensitivity mecha-
nism is probably involved. There is no evidence that patients
with renal impairment are more likely than patients with
normal renal function to develop this complication when
treated with appropriately adjusted doses of Pen G. If too
high doses are used, renal function may be aggravated (Manian
et al., 1990).

Milder forms of Pen G hypersensitivity nephritis may pre-
sent with features of dysuria, pyuria, proteinuria, and eosin-
ophilia, suggesting a urinary tract infection, there usually
being no azotemia. It rapidly resolves when Pen G is with-
drawn, but promptly recurs on readministration of the drug
(Orchard and Rooker, 1974). Rarely, renal disease character-
ized by glomerulonephritis or periarteritis has been associ-
ated with the administration of relatively low doses of Pen G.
The causal role of Pen G in these cases is doubtful (Baldwin
et al., 1968).

6f. Hemolytic anemia

The uncommon complication of hemolytic anemia may occur
when i.v. Pen G in a dose usually greater than 6 g daily is
given to patients who have previously received large doses of
the drug (White et al., 1968). Pen G-induced hemolytic ane-
mia is of the hapten type, ie. the antibody produced is
directed to the drug (hapten). A strongly positive direct anti-
globulin reaction (Coombs test) is the main diagnostic fea-
ture, which is due to induced IgG antibody reacting with Pen
G-coated red cells (Garratty and Petz, 1975; Axelson and
Lobuglio, 1980). Erythrocytes not coated with Pen G may also
be destroyed because they may bind activated complement
components and thereby be susceptible to premature destruc-
tion by the reticuloendothelial system (Kerr et al., 1972).
Pen G-induced hemolytic anemia should be suspected in
patients who develop anemia while receiving high doses of
Pen G. Patients with severe infections such as bacterial endo-
carditis often develop anemia due to infection and the hemo-
lytic component may be overlooked. On withdrawing Pen G
the hemoglobin value usually rises quickly and the direct
antiglobulin test becomes negative in 1-3 months. In most
cases Pen G-induced hemolysis is not very severe; occasion-
ally rapid intravascular hemolysis followed by renal failure or
even circulatory collapse and death may ensue (Jackson and
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Jaffe, 1979). IgG antibody to Pen G often cross-reacts with
red cells sensitized with the semisynthetic penicillins and
cephalosporins, so that these drugs are not safe alternatives
(White et al., 1968).

It is much less common for Pen G administered in ordi-
nary therapeutic doses to cause hemolytic anemia, but it has
been reported (Ho et al., 2004). In these cases, IgG antibody
cannot be detected but an IgM antibody is present (Dove et
al., 1975). Pen G was suggested as a possible cause of micro-
angiopathic hemolytic syndrome (thrombotic thrombocyto-
penic purpura) in one patient (Parker and Barrett, 1971). Pen
G-associated hemolytic anemia occurred in another patient
who had postpartum disseminated intravascular coagulation
and microangiopathy and was receiving Pen G in a daily dose
of 3 g for infection. Hemolysis occurred when her coagula-
tion disorder had been controlled by 9 days’ treatment with
heparin (McPherson et al., 1976).

6g. Other hematologic side effects

Pen G, in large doses, can rarely cause pancytopenia due to
apparent blockade of the release of mature cells from the
bone marrow (Joorabchi and Kohout, 1973). Severe neutro-
penia, usually resulting from the use of high doses of Pen G
i.v. for several weeks, is another complication that usually
resolves when Pen G is stopped (Corbett et al., 1982;
Al-Hadramy et al., 1986). This neutropenia appears to be
dose related. Olaison and Alestig (1990) found neutropenia
to be a common complication when Pen G in a dose of 18 g
i.v. was used to treat bacterial endocarditis, whereas this
complication was uncommon with a dose of 12 g i.v. cloxacil-
lin daily. Patients with initial low counts of neutrophils were
found to have an increased risk of developing neutropenia.
Preexisting liver disease also predisposes patients to Pen G-
induced leukopenia. Pen G and other beta-lactam antibiot-
ics, when administered in usually recommended dosages,
can induce leukopenia in these patients. The more severe
the hepatic dysfunction, the greater the risk. Doses of beta-
lactams may need to be reduced in these patients (Singh et
al., 1993).

When Pen G-induced neutropenia resolves after cessa-
tion of the drug, it may recur if another beta-lactam is used.
In one case neutropenia recurred when cefuroxime was given
in high doses i.v. as a substitute for Pen G in the treatment
of gonococcal endocarditis. The neutropenia resolved when
i.v. erythromycin was substituted for cefuroxime (Timmis et
al., 1981). Severe neutropenia is a well-known complication
of high-dose therapy with most beta-lactam antibiotics.
Secondary infection related to this neutropenia has been
observed in only a few cases and no fatalities have been
reported. However, therapy with high doses of beta-lactams
in granulocytopenic patients receiving cytotoxic therapy
simultaneously may prolong the episode of granulocytope-
nia. It is not yet known how this effect can be recognized
clinically and whether this may have an adverse effect on
therapeutic outcome (Neftel et al., 1985).
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If administered in large doses of 6 g daily to uremic
patients, or 24 g daily to those with normal renal function,
Pen G can induce coagulation disorders. These may appear
soon after Pen G administration is commenced and persist
for about 4 days after it is stopped. Factors involved are plate-
let dysfunction, disturbed conversion of fibrinogen to fibrin
and increased antithrombin III activity (Andrassy et al., 1976;
Manian et al., 1990). Pen G therapy can also be associated
with the development of acquired inhibitors of blood coagu-
lation, particularly blocking inhibitors. These are proteins,
but not necessarily antibodies, that can interfere with many
aspects of the coagulation reaction. They are rarely, if ever,
associated with overt bleeding. The prothrombin time is nor-
mal, but the activated partial thromboplastin time is usually
prolonged. Uncommonly, Pen G hypersensitivity may be asso-
ciated with the presence of specific clotting factor inhibitors
which inactivate single factors. Inhibitors specifically directed
against factors V, VIIL, IX, and XI have been described, factor
VIII inhibitors being the most common. These factor inhib-
itors appear to be antibodies, and their presence may be
associated with severe bleeding (Orris et al., 1980).

6h. Cation intoxication

A quantity of 0.625 g of the potassium salt of crystalline Pen
G contains 1.5 mEq of potassium ion (0.066 g potassium). If
“massive doses” of this preparation are given i.v., potassium
intoxication may occur. The sodium salt of Pen G, which
contains 1.7 mEq (or 0.039 g sodium) in 0.6 g, is unlikely to
cause complications, unless massive doses are used in patients
with renal or cardiac failure. Brunner and Frick (1968)
described hypokalemia, metabolic alkalosis, and hypernatre-
mia in a few patients treated with 60 g of sodium Pen G daily.
Hypernatremia was probably aggravated by insufficient fluid
intake. Despite this, their daily urine output exceeded 1 litre,
owing to the osmotic diuretic action of 60 g of Pen G (equiv-
alent to about 600 ml of 10% mannitol). Pen G probably
induces excessive renal potassium loss by direct action on
distal renal tubules, thereby producing hypokalemia and met-
abolic alkalosis. Antibiotics such as Pen G may also cause a
redistribution of potassium within the body (Tattersall et al.,
1972).

6i. Neurological toxicity

Neurotoxicity that is unrelated to excessive dosing is unusual
for Pen G (Sutter et al., 2015). The clinical, radiologic and
electrophysiologic features of antibiotic-associated encepha-
lopathy (AAE) were recently reviewed. AAE was divided
into three clinical phenotypes: (1) encephalopathy commonly
accompanied by seizures or myoclonus arising within days
after antibiotic administration (usually caused by cephalo-
sporins and penicillin), (2) encephalopathy characterized
by psychosis arising within days of antibiotic administration
(generally associated with quinolones, macrolides, and pro-
caine penicillin), and (c) encephalopathy accompanied by
cerebellar signs and MRI abnormalities emerging weeks after

initiation of antibiotics (generally associated with metroni-
dazole) (Bhattacharyya et al., 2016).

Benign intracranial hypertension may occur rarely due
to vasculitis caused by Pen G hypersensitivity (Schmitt and
Krivit, 1969). One patient who experienced a severe serum
sickness following Pen G later developed increased intracra-
nial pressure due to pachymeningitis, which responded to
corticosteroids (Farmer et al., 1960).

6j. Other rare side effects

Pen G has occasionally been reported as the cause of pericar-
ditis, myocarditis, intestinal hemorrhage, liver necrosis, and
gangrene (Idsee et al., 1968). It may cause hypersensitivity
vasculitis (Hannedouche and Fillastre, 1987). Cholestasis has
been reported (Andrade et al., 2001). It has been tenuously
associated with drug-induced lupus syndromes. Pen G ther-
apy can cause eosinophilia and pulmonary infiltration, but
this is a rare association compared with that with other che-
motherapeutic agents, such as nitrofurantoin and the sulfon-
amides (Schatz et al., 1981). Intravenous Pen G is said to be a
rare cause of colicky abdominal pain (Davies et al., 1974).

6k. Nerve and muscle injury

The danger of sciatic nerve injury from i.m. Pen G injections
in the buttock is well known, and in most hospitals the drug
is given in the lateral aspect of the thigh. Muscle necrosis and
abscess formation can occur after i.m. injection, and rarely
muscle contractures may be a sequel to repeated i.m. injec-
tions in the thigh.

6l. Intra-arterial injection of Pen G

Intra-arterial injection is an uncommon but very serious com-
plication of i.m. administration of procaine or benzathine
penicillin. Atkinson (1969) described a 7-month-old girl in
whom procaine-benzathine Pen G was injected into the glu-
teal artery, causing transverse myelopathy with apparently
permanent paraplegia. This was presumably due to retrograde
distribution to the vessels supplying the spinal cord when the
drug was injected under pressure, resulting in occlusive vas-
cular disease; the injection was given in the upper and outer
quadrant of the buttock. Weir and Fearnow (1983) collected
seven published cases of transverse myelitis due to i.m. vis-
cous benzathine or procaine penicillin. These occurred in
young children and the authors suggested that procaine or
benzathine Pen G injections are unsafe in the gluteal muscu-
lature of children aged less than 2-3 years.

A similar catastrophe occurred in two young children in
whom a procaine — benzathine Pen G mixture was injected
in the outer aspect of the thigh. The disposable syringes used
were so constructed that it was impossible to create a negative
pressure and to ascertain whether the needle was in muscle
or in a blood vessel. One child developed severe ischemic
changes in the lower extremity that recovered in 2 weeks,
but the other developed gangrene of the toes and muscle



contractures in the leg (Schanzer et al., 1979). Irreversible
ischemic gangrene of the upper limb has been reported in a
child after an unintentional intra-arterial injection of pro-
caine Pen G (Sengupta, 1976).

7. CLINICAL USES OF THE DRUG

Despite the emergence of penicillin resistance among many
pathogens, Pen G remains a highly effective agent for many
key pathogens (see Table 3.2).

7a. Streptococcus pyogenes infections

Pen G remains a very effective treatment for infections caused
by group A beta-hemolytic streptococci, such as pharyngitis,
scarlet fever, cellulitis, necrotizing fasciitis, septic arthritis,
uterine infection, and septicemia.

LIFE-THREATENING INFECTIONS

During the past couple of decades, S. pyogenes septicemia in
children and young adults has often been very severe with
multisystem involvement and shock (Jackson et al., 1991;
Stevens, 1992; Demers et al., 1993). A changing nature of sep-
ticemia has also been observed since 1988. Since that time, a
toxic shock-like syndrome has occurred in 8% of invasive
infections in some series. Adults with this syndrome were
younger than patients with other invasive infections. These
patients were similar in some ways to those with S. aureus
toxic shock syndrome. They showed hypotension, erythem-
atous rash, desquamation, and renal and gastrointestinal
manifestations and septic thrombophlebitis. The blood cul-
tures were positive in some 60% of cases and the mortality
was approximately 30% (Cohen-Abbo and Harper, 1993; Hage
et al., 1993; Shulman, 1993; Jevon et al., 1994). In general,
there was a lower rate of streptococcal toxic shock syndrome
and lower mortality in children with invasive group A strep-
tococcal infections than in young adults (Davies et al., 1994).
A severe and often fatal infection caused by S. pyogenes is
spontaneous gangrenous myositis. It resembles clostridial
myonecrosis, but there is generally no crepitus. Key clinical
clues include disproportionate pain, precipitous course, and
early loss of power in a swollen limb with or without preced-
ing trauma. Ubiquitous laboratory tests include a Gram stain
of exudates from bullae/muscles suggestive of streptococci
and a raised CPK level suggestive of myonecrosis. High doses
of i.v. benzylpenicillin plus clindamycin are required, prob-
ably together with i.v. immunoglobulin. In animal models,
clindamycin has been shown to reduce mortality compared
to penicillin monotherapy; a possible mechanism being the
effect of clindamycin on protein synthesis, which may result
in a decrease in superantigen production. In human studies,
the use of intravenous immunoglobulin has been shown to
significantly reduce mortality in streptococcal toxic shock
syndrome and necrotizing fasciitis, probably due to neutral-
ization of superantigens by antibodies in the immunoglobulin
preparations used. Early surgery is often needed to establish
the extent of tissue damage and whether radical debridement
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is required, (Yoder et al., 1987; Norrby and Norrby-Teglund,
1997; Haywood et al., 1999; Bryant, 2003; Norrby-Teglund et
al., 2003; Norrby-Teglund et al., 2005; Bharathi et al., 2009;
Rieger et al., 2007). Such therapy is now described in some
national treatment protocols (Antibiotic Expert Group, 2014).

S. pyogenes occasionally causes bacterial meningitis
(approximately 0.5% of cases) in neonates, older children,
and adults. In most patients an associated illness is present,
such as otitis media or pharyngitis (Murphy, 1983; Chow and
Muder, 1992). In one 12 year-old girl, S. pyogenes meningitis
was complicated by a brain abscess (Jagdis, 1988).

For severe infections, i.m. or i.v. crystalline Pen G in a
dose of 0.6-1.8 g every 3-6 hours is required for adults.

PHARYNGITIS

Mild to moderate streptococcal pharyngitis in children and
adults can be treated satisfactorily by a single i.m. injection
of benzathine Pen G (adult dose 1.2 million units or 0.9 g).
When shorter-acting preparations are used, treatment should
be for at least 10 days in an endeavor to eradicate the organ-
isms from the pharynx and to prevent subsequent rheumatic
fever (Peter and Smith, 1977; Peter, 1992). Although clinical
resolution of streptococcal pharyngitis is always satisfactory,
in some 10% of patients a 10-day course of either parenteral
Pen G (including therapy with benzathine Pen G) or oral
penicillin V fails to eradicate organisms from the pharynx
(Peter 1992). Some authors have found that this occurs in as
many as 20% of patients (Gastanaduy et al., 1980). A second
course of therapy is unsuccessful in 30-50% of these patients.
Clinical, epidemiologic and serologic (streptococcal antibody)
data suggest that most patients designated as “bacteriologic
treatment failures” are actually long-term streptococcal car-
riers. It is often extremely difficult to eradicate streptococci
from carriers, so that a third course of treatment is rarely jus-
tified. An asymptomatic carrier of S. pyogenes identified by
a routine throat swab does not require antibiotic treatment,
unless there are special circumstances—for example, if a
family member has had rheumatic fever or if there is a com-
munity epidemic of rheumatic fever (Kaplan, 1980; Ferrieri,
1981). A regimen of i.m. benzathine penicillin plus rifampi-
cin 10 mg/kg twice-daily for 8 doses is effective for the erad-
ication of the pharyngeal S. pyogenes carrier state (Gerber
and Markowitz, 1985; Tanz et al., 1985).

Failure to eradicate Pen G-sensitive S. pyogenes from the
pharynx may be due to the presence of anaerobes or S. aureus
producing beta-lactamases, which “shield” streptococci from
the activity of Pen G (Brook, 1982; Brook, 1984; Lundberg
and Nord, 1988; Brook and Gilmore, 1993). Gram-negative
anaerobes, such as Bacteroides melaninogenicus, originally
very sensitive to Pen G, are now often resistant because of
beta-lactamase production. Gram-negative anaerobes have
no etiologic role in pharyngitis, but they are pathogens in
periapical and periodontal infections. Pen G has been satis-
factory for such infections, but with the increasing resistance
of anaerobes that normally populate the oropharynx, other
chemotherapeutic agents, such as clindamycin or metroni-
dazole, may become necessary (Von Konow and Nord, 1983).
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However, data are still conflicting whether beta-lactamase-
producing organisms play a significant role in producing
treatment failures when Pen G is used for streptococcal phar-
yngitis (Kaplan, 1985).

Some reports link the failure of Pen G treatment of S. pyo-
genes pharyngitis to the fact that the streptococcal strain is
Pen G tolerant (Kim and Kaplan, 1985; Dagan et al., 1987;
Grahn et al., 1987). However, it seems unlikely that this is the
correct explanation for such treatment failures (Kim, 1988).
More recently, Stevens et al. (1993a) demonstrated a striking
reduction in the effectiveness of Pen G in vitro and in vivo as
the inoculum size of S. pyogenes was increased. They believed
this apparent reduction in the activity of Pen G was due
to the slower growth of bacteria as the inoculum size was
increased. It was further postulated that this at least in part
was caused by variation in the expression of PBPs as the state
of S. pyogenes changes during its growth cycle. By contrast,
clindamycin’s activity, which does not depend on PBPs, was
not adversely affected by inoculum size. Thus Pen G therapy
may fail in deep-seated S. pyogenes infections, especially if
treatment is delayed (Bisno et al., 2002).

7b. Group B streptococcal infections

Group B streptococci (GBS) are an important cause of neo-
natal and perinatal infections and can also cause infections
in adults, such as septicemia and meningitis. In infants, GBS
can cause an acute disease presenting with sepsis, acute
respiratory distress, pneumonia, apnea, shock, meningitis,
and septicemia; this is of early onset and usually presents
within 24 hours of delivery or within the first 5 days after
birth (Cowen, 1979; Van Oppen and Feldman, 1993). Many
infants are already ill at birth, indicating that the infection has
commenced during labor (Gotoff and Boyer, 1981; Hamoudi
and Hamoudi, 1981). Mortality from this disease may be
20-50% (Siegel et al., 1980; Van Oppen and Feldman, 1993).
Other infants can develop a disease of later onset and present
with meningitis with or without septicemia, usually after the
age of 10 days. Mortality in this group is 14-18%.

In adults, GBS commonly cause postpartum infections;
urinary tract infections in pregnant women, nonpregnant
women, and occasionally men (Mufioz et al, 1992b); pneu-
monia; and septicemia. Meningitis, endocarditis, osteomyeli-
tis, septic arthritis, peritonitis, and skin and wound infections
also occur (Verghese et al., 1982; Verghese et al., 1986; Aharoni
et al., 1990; Belfrage et al., 1990; Sarmiento et al., 1993).

Pen G is the drug of choice for treatment of all of these
infections, and most cases require parenteral therapy with
crystalline Pen G (Morbidity and Mortality Weekly Report,
2010; Gibbs et al., 2004). In neonates, the high dose as recom-
mended for meningitis should be used (see section 4). A recent
study concluded that in very low birth weight infants a peni-
cillin dose of 25,000 IU (15 mg)/kg every 12 hours is safe and
sufficient to achieve serum concentrations above the MIC,
for GBS for the entire dosing interval (Metsvaht et al., 2007).

Combination therapy using Pen G plus an aminoglyco-
side, such as gentamicin, may be more effective, but one study

in animals showed that Pen G plus gentamicin was about as
effective as Pen G alone (Kim, 1987). However, this combina-
tion is generally necessary for all severe neonatal infections
before the organism is identified (Leading Article, 1979). On
theoretical grounds, combination therapy should be valuable
if the infecting organism is a Pen G-tolerant group B strep-
tococcus, but this has not been studied by controlled trials
(Siegel et al., 1981).

The role of Pen G in chemoprophylaxis of pregnant women
for neonatal infections was previously not well defined
(MMWR, 2002; Schrag et al., 2002). Between 10% and 25%
of pregnant women at term have GBS in their vaginal flora
(Dillon et al., 1982; Hoogkamp-Korstanje et al., 1982), and
this is the main source for sepsis in neonates. Neonatal colo-
nization by these organisms is quite common, but only a
small proportion develop invasive infection (Baker, 1977;
Anthony, 1982). Unfortunately, the eradication of genital GBS
during pregnancy is not only often impracticable but difficult
to attain (Anthony, 1982). This is not surprising because pri-
mary colonization is in the lower intestine. Pen G treatment
of all colonized infants is not generally recommended, but
protocols vary. It often fails to eradicate organisms from sites
such as the throat, umbilicus, and rectum (Paredes et al.,
1976). One strategy that has been advocated is not to screen
pregnant women for GBS carriage but to give intrapartum
chemoprophylaxis to all women with obstetric risk factors;
however, this involves the treatment of a large group of
patients, many of whom may not require treatment (Garland
and Kelly, 1995). Another approach is to screen all obstetric
patients for vaginal carriage of GBS. A single dose of Pen G
is then administered as prophylaxis, both to maternal car-
riers during labor and to their infants at birth (Gilbert and
Garland, 1983). This appears to reduce vertical transmission
of GBS and to prevent both maternal and neonatal disease
(Fischer et al., 1983). Similarly, ampicillin administered selec-
tively during labor to women with prenatal group B strep-
tococcal colonization and perinatal risk factors results in a
reduction in vertical transmission of these organisms to
newborn infants (Boyer et al., 1983). Vaginal GBS colony
counts fall rapidly after intrapartum Pen G administration,
which may partly explain the effectiveness of chemoprophy-
laxis (McNanley et al., 2007).

Routine prophylaxis for neonates is not advocated. In a
prospective controlled study involving 18,738 neonates, the
administration of a single i.m. dose of crystalline Pen G at
birth resulted in a decrease of diseases caused by all Pen G-
susceptible organisms. Disease caused by Pen G-resistant
pathogens was increased in the Pen G-treated group during
the first year of study but was unaffected during the second
year (Siegel et al., 1980). There is also concern that routine
Pen G prophylaxis for neonates may mask but not cure early-
onset disease in those who are already symptomatic at birth
(Gotoff and Boyer, 1981). This was the case in a study by
Pyati et al. (1983). Pen G given at birth to neonates weighing
2000 g or less did not prevent early-onset disease or reduce
mortality; early-onset disease appeared to be well established
by the time of Pen G administration.



To be effective, antibiotic therapy should be given to the
mother before the development of the disease in utero; to
be practical, therapy must be limited to those at relatively
high risk of infection (Dillon et al., 1987; Schuchat et al.,
1994; MMWR, 2002). In one prospective randomized study,
women were selected if they had a prenatal culture positive
for GBS and if they had experienced premature labor or pro-
longed rupture of membranes. Chemoprophylaxis was given
intrapartum and after birth; infants in the treatment group
received additional antibiotic therapy until their blood cul-
ture results become available. There were no group B strepto-
coccal infections among 83 infants in the treatment group
compared with five infections in the 77 control infants (Boyer
and Gotofl, 1986). The intrapartum prophylaxis strategy also
significantly reduced maternal puerperal sepsis (Dillon et al.,
1987). Universal prenatal screening for GBS and chemopro-
phylaxis of colonized women with labor complications has
also been advocated (Mohle-Boetani et al., 1993).

Schrag and Verani (2013) assessed the impact of intra-
partum antibiotic prophylaxis for the prevention of perinatal
group B streptococcal disease in the USA since the release
in 1996 of the first national guidelines for the prevention of
perinatal GBS disease. The guidelines recommended either
antenatal screening for GBS colonization and intrapartum
antimicrobial prophylaxis (IAP) to colonized women, or
targeting IAP to women with certain obstetric risk factors
during labor. In 2002, revised guidelines recommended uni-
versal antenatal GBS screening. A multistate population-based
review of labor and delivery records in 2003-2004 found
85% of women had documented antenatal GBS screening;
98% of screened women had a colonization result available at
labor. It is interesting that more false negative GBS screening
results were observed than expected. The incidence of inva-
sive early-onset GBS disease decreased by more than 80%
from 1.8 cases/1000 live births in the early 1990s to 0.26
cases/1000 live births in 2010. Schrag and Verani estimated
that from 1994 to 2010, more than 70,000 cases of early onset
GBS invasive disease were prevented in the USA. They found
that IAP effectiveness was similar and high among both term
(91%) and preterm (86%) infants when first-line therapy was
received for at least 4 hours. However, early-onset disease
incidence among preterm infants was twice that of term
infants and that disease among infants after the first week of
life (late-onset disease) had not been impacted by IAP (Schrag
and Verani, 2013).

A recent Cochrane review assessed four trials involving
852 women (Ohlsson and Shah, 2014). Three trials (involving
500 women) evaluated the effects of IAP versus no treatment.
The use of IAP did not significantly reduce the incidence
of all-cause mortality, mortality from GBS infection or from
infections caused by bacteria other than GBS. It is important
that the incidence of early GBS infection was reduced with
IAP compared to no treatment (risk ratio [RR]: 0.17; 95%
confidence interval [CI]: 0.04-0.74), with the number needed
to treat to achieve benefit of 25. The authors concluded that
intrapartum antibiotic prophylaxis appeared to reduce early-
onset GBS disease, but that based on the meta-analysis, this
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result may well be due to bias. In addition, there is a lack of
evidence from well-designed and -conducted trials to rec-
ommend IAP to reduce neonatal early-onset GBS disease
(Ohlsson and Shah, 2014).

A recent Canadian review assessed the literature to pro-
vide recommendations on the management of pregnant
women in labor, including those with prelabor rupture of
membranes, for the prevention of early-onset neonatal group
B streptococcal disease. The review concluded, among many
recommendations, that there is good evidence based on
randomized control trial data that, for women with prela-
bour rupture of membranes at term who are colonized with
group B streptococcus, rates of neonatal infection are reduced
with induction of labor and that antimicrobial therapy in this
situation is appropriate in reducing rates of GBS disease
(Money et al., 2013).

Penicillin-allergic patients were formerly given clinda-
mycin or erythromycin. However, increasing resistance of
GBS to these antibiotics (15-30%) has emerged (Larsen and
Sever, 2008). Alternative antibiotics include a cephalosporin
or vancomycin if there is a definite risk of anaphylaxis
(MMWR, 2002; Schrag et al., 2002). The treatment of intra-
partum infections has been the subject of a Cochrane review
(Chapman et al., 2014).

7c. Group C, G, F, and R streptococcal
infections

The less common human pathogens also cause infection.
Group C streptococci occasionally cause pharyngitis, skin
and wound infections, female genital tract infections, endo-
carditis, and septicemia (Bradley et al., 1991). Group G
streptococci may cause infections such as endocarditis, sep-
ticemia, meningitis, cellulitis, septic arthritis, wound infec-
tions, cholangitis, pneumonia, and peritonitis (Fujita et al.,
1982; Auckenthaler et al., 1983; Craven et al., 1986; Venezio
et al., 1986; Ashkenazi et al., 1988). Infections by these two
pathogens have often occurred in patients with underlying
debilitating conditions such as alcoholism, drug abuse, and
malignancy. Pen G is the optimal treatment for groups C and
G streptococcal infections. For severe group G streptococcal
infections, such as endocarditis, a Pen G plus aminoglycoside
combination may be superior (Vartian et al., 1985). Group F
streptococci rarely cause abscesses and septicemia. Again,
Pen G is the treatment of choice (Libertin et al., 1985).
Group R streptococcus (8. suis) is an animal pathogen
and rarely causes disease in humans working with animals,
especially pigs. Twort (1981) reported five cases of meningi-
tis due to these streptococci in the UK, Chau et al. (1983)
described six in Hong Kong, and Arends and Zanen (1988)
reported 30 in the Netherlands. Nearly all patients had occu-
pational exposure to pigs or pork products. All strains of
S. suis were highly susceptible to Pen G (MIC 0.03 pg/ml),
and it appears to be the best drug for treatment of this infec-
tion. A large outbreak of S. suis meningitis in Vietnam has
been reported (Nghia et al., 2008; Wertheim et al., 2009).
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7d. Pneumonia in adults

The treatment of community-acquired pneumonia in adults
has been extensively reviewed (Lim et al., 2009; Said et al.,
2013; Feldman and Anderson, 2011; Feldman and Anderson,
2009; Charles et al., 2008a; Charles et al., 2008b; Charles et
al., 2014). For pneumococcal lobar pneumonia, Pen G is
an effective treatment. Even if disease due to pneumococcal
strains with a very high degree of resistance to Pen G is
encountered, high-dose Pen G is usually effective unless there
is associated meningitis (Klugman, 1994; Pallares et al., 1995;
Jernigan et al., 1996; Ploufte et al., 1996). Pneumococcal infec-
tion remains the most common cause of community-acquired
pneumonia (CAP) (Holmberg, 1987; Davies and Jolley, 1992;
Marrie, 1994; BTS, 2001; Macfarlane and Boldy, 2004; Charles
et al., 2008a). Other bacterial causes of such pneumonia are
Legionella pneumophila, H. influenzae, S. aureus, and E. coli.
Atypical bacterial causes of CAP include Mycoplasma pneu-
moniae, Chlamydia psittaci, C. pneumophila, Coxiella bur-
netii, and viruses, mainly influenza (Lode, 1986; Charles et
al., 2008a). Various authors and national protocols have sum-
marized recommended therapies for pneumonia in adults,
however, the continued key role of Pen G has not always
been appropriately highlighted, with some guidelines often
unnecessarily favoring fluoroquinolones (Macfarlane and
Boldy, 2004; Mandell et al., 2007; Antibiotic Expert Group,
2014). Every effort should be made to make an immediate
diagnosis of pneumococcal pneumonia so that monotherapy
with Pen G can be given and the administration of multiple
antibiotics avoided.

The distinctive signs and symptoms of pneumococcal
pneumonia are sudden onset of fever, cough, and some spu-
tum; the patient appears ill and has a grayish appearance.
Pleuritic pain is often present. Crackling sounds are usually
audible in the chest and radiographs show an area of infiltra-
tion, involving less than a full segment. Sputum microscopy
is often helpful if a good specimen of sputum is collected.
Crystalline Pen G in a dose of 0.6-1.2 g i.v. or i.m. every
6 hours, or, if necessary, higher doses to treat pneumococcal
strains with intermediate type of resistance is indicated.

On occasion it may be impossible to distinguish pneu-
mococcal pneumonia from L. pneumoniae in which case a
combination of Pen G and erythromycin (or azithromycin
or doxycyline) should be given (Charles et al., 2008a). In
life-threatening pneumonia, when immediate diagnosis can-
not be made, one may also consider using flucloxacillin or
nafcillin to treat S. aureus and one of the third-generation
cephalosporins such as cefotaxime or ceftriaxone to treat
Gram-negative pathogens. If MRSA is a possible cause then
vancomycin can replace the semisynthetic penicillin.

The treatment of pneumococcal pneumonia caused by
S. pneumoniae with high-level Pen G resistance may be dif-
ficult, but in clinical studies where these were identified,
high-dose Pen G remained extremely effective (Charles et
al., 2008a). Cefotaxime and ceftriaxone are alternatives if
necessary. The usual pathogens causing hospital-acquired
pneumonia are S. aureus, Gram-negative rods, and Legionella

spp-» and Pen G is not appropriate for the treatment of any of
these.

In lung abscess the most frequent pathogens are Pen G-
sensitive anaerobes, such as the Peptococcus and Peptostrepto-
coccus spp. and B. melaninogenicus. Pen G-sensitive aerobes,
such as S. pyogenes and S. viridans, may also be involved.
Sometimes Pen G-resistant bacteria, such as B. fragilis, E. coli,
and K. pneumoniae, may be present (Brook and Finegold,
1979). For most cases of lung abscess Pen G has been the
preferred antibiotic. However, over the years more and more
strains of B. melaninogenicus have become beta-lactamase
producers and thus resistant to Pen G. In a controlled study,
Levison et al. (1983) first showed that clindamycin alone was
superior to Pen G for the treatment of community-acquired
lung abscess. In a later randomized controlled study, Gudiol
et al. (1990) clearly showed that clindamycin was superior to
Pen G for the treatment of this disease, and they also showed
that the presence of Pen G-resistant Bacteroides spp. was the
main reason for Pen G treatment failures.

In aspiration pneumonia, Pen G-sensitive anaerobes are
the most common pathogens, but sometimes the other bac-
terial species, as in lung abscess, may be present. The initial
result of pulmonary aspiration is chemical pneumonitis, and
bacterial infection follows in 25-45% of cases. Infection
typically occurs during the first week after aspiration, not
uncommonly as the patient is recovering from chemical
pneumonitis. Antibiotics may be used prophylactically imme-
diately after the aspiration, but some clinicians prefer to
delay chemotherapy until clinical and microbiologic findings
indicate infection (Murray, 1979). Pen G has been the main-
stay of treatment, but in severe cases a combination such as
Pen G plus gentamicin plus metronidazole (or clindamycin)
can be used. As in lung abscess, clindamycin alone may prove
to be the best treatment in some cases (Lode, 1988). However,
combination chemotherapy is best used for aspiration-related
chest infections acquired in hospitals, especially if the patient
develops necrotizing pneumonia, lung abscess, or empyema.

7e. Childhood respiratory tract infections

Most childhood community-acquired bacterial pneumonias
are pneumococcal and respond well to Pen G. However, in
children, many radiologically confirmed pneumonias are
caused by viruses or Mycoplasma pneumoniae. In one study of
radiologically confirmed pneumonias, S. pneumoniae caused
38%, respiratory syncytial virus 30%, and M. pneumoniae
20% (Ruuskanen et al., 1992). Therefore, all modern diag-
nostic techniques should be used at the outset so that Pen G
is not used for viral infections, and erythromycin is correctly
prescribed for Mycoplasma infections. Rarer bacterial causes
of pneumonia in this age group are H. influenzae type b and
S. aureus, and drugs other than Pen G are necessary for these.
In lung abscess and aspiration pneumonia, antibiotics simi-
lar to those recommended for adults should be used.

In Papua New Guinea, a study of pneumonia in children
comparing benzylpenicillin plus gentamicin with chloram-
phenicol concluded that the two regimes were equally effective



(Duke et al., 2002). In low-resource countries, ampicillin
plus gentamicin appears to be superior to chloramphenicol
for the treatment of infants with CAP (Asghar et al., 2008).
However, this is not an ideal regimen because of the neces-
sity of frequent dosing and limited therapy for staphylococci.
Furthermore, owing to increasing resistance in some regions
some empiric regimens are needing to change (Bhutta, 2008).
The treatment of childhood pneumonia has been recently
reviewed (Onakpoya et al., 2015; Alves Galvao et al., 2016).

7f. Bacterial meningitis

Despite the availability of several third-generation cephalospo-
rins, such as ceftriaxone, which are effective for the treatment
of bacterial meningitis, Pen G still remains an important
antibiotic for this disease, especially in developing countries.
With the exception of neonatal meningitis, a combination
of Pen G and chloramphenicol was commonly used for the
empiric treatment (before the organism was identified) of
acute bacterial meningitis in many developing countries.
This initial therapy treated nearly all causal organisms, but
once the organism was identified, Pen G alone was the drug
of choice for meningococcal and pneumococcal meningitis
(Geiseler et al., 1980; Sangster et al., 1982) and chloramphen-
icol for H. influenzae meningitis. Indeed, chloramphenicol
alone may be used for initial therapy as it is equally as effec-
tive as Pen G for the treatment of meningococcal and pneu-
mococcal meningitis. This classical chemotherapy is used
widely in developing countries where the third-generation
cephalosporins are often too expensive. The third-generation
cephalosporins cefotaxime and ceftriaxone are effective as
single drugs for initial therapy because they are active against
all three major meningeal pathogens (McCracken et al.,
1987; Committee on Infectious Diseases, 1988). They may
not be effective as single drugs for children under 12 weeks
of age. In these, Pen G or ampicillin should be added because
of the possibility of Listeria or Enterococcus spp. as causative
agents.

Once the organism is identified, the cephalosporin should
be continued in H. influenzae meningitis and in the rare
cases of Gram-negative meningitis if it is active, but it is best
to revert to Pen G for continuation treatment of meningo-
coccal and pneumococcal meningitis if the organism is fully
susceptible. The adult dosage of Pen G is 9.6-14.4 g daily,
given i.v. or i.m. in six or eight divided doses. Cases of pneu-
mococcal meningitis caused by strains with an intermediate
resistance to Pen G may fail to respond to these doses, and the
third-generation cephalosporin should usually be continued
but its MIC assessed (McCracken et al., 1987; Committee
on Infectious Diseases, 1988; Weingarten et al., 1990; Jacobs,
1992). If the strain has a cefotaxime or ceftriaxone MIC >
1 pg/ml, then one of these cephalosporins cannot be used
alone. Some authors believe the MIC of these cephalospo-
rins should be even lower than 1 pg/ml for these drugs to
succeed. Alternative combination therapies include a third-
generation cephalosporin plus vancomycin, or vancomycin
plus rifampicin (Friedland et al., 1993; Quagliarello and
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Scheld, 1993). For meningitis due to highly resistant pneu-
mococcal strains, vancomycin, possibly together with rifam-
picin, has been used, as have newer fluoroquinolones such as
moxifloxacin, although substantive human data are lacking
(see Chapter 105, Moxifloxacin).

Dexamethasone may be beneficial as an adjunct to therapy
of bacterial meningitis. However, dexamethasone reduces the
already low penetration of vancomycin into the CSE. There-
fore, if vancomycin has to be used for treatment of pneumo-
coccal meningitis, it may be better not to use dexamethasone
(Paris et al., 1994; Friedland and McCraken, 1994). There
has been controversy about the use of corticosteroids as
adjunctive therapy in bacterial meningitis. However, a 2007
Cochrane systematic review concluded that corticosteroids
significantly reduce rates of mortality, severe hearing loss,
and neurologic sequelae in adults with community-acquired
pneumococcal meningitis and also in children (S. pneumo-
niae only) in high-income countries but not in children in
low-income countries (van de Beek et al., 2007). The lack of
efficacy in children in developing countries was confirmed
by studies in Malawi (Molyneux et al, 2002). Another
Cochrane review found only very low quality data from two
randomized controlled trials but noted these studies sug-
gested some reduction in death and hearing loss may result
from use of adjunctive steroids alongside standard antibiotic
therapy for treatment of patients with neonatal meningitis.
However, no benefit was observed in regard to reduction in
neurological sequelae (Ogunlesi et al., 2015).

A subsequent update on the earlier Cochrane review of
steroid use in adults and children assessed 25 studies and
once again found that corticosteroids significantly reduced
hearing loss and neurological sequelae but did not reduce
overall mortality. The data supported the use of corticoste-
roids in patients with bacterial meningitis in high-income
countries, but again found no beneficial effect in low-income
countries. Corticosteroid treatment was associated with an
increase in recurrent fever (RR 1.27, 95% CI 1.09-1.47) but
not with other adverse events (Brouwer et al., 2016).

For meningococcal meningitis a 7-day course of treatment
is usually used, but some studies suggest 4-5 days’ therapy
with Pen G may be sufficient (Viladrich et al., 1986; Isaacs et
al., 1988). Partially or completely Pen G-resistant meningo-
cocci have been rarely encountered in some countries, and
especially if one of the latter strains are involved, drugs other
than Pen G are needed for treatment. H. influenzae menin-
gitis is usually treated for 7-10 days, and pneumococcal
disease for 10-14 days (Committee on Infectious Diseases;
Radetsky, 1990; Therapeutic Guidelines, 2006; Antibiotic
Expert Group, 2014).

For neonatal meningitis, preferred initial chemotherapy
is Pen G or ampicillin combined with an aminoglycoside,
such as gentamicin or amikacin. Newer cephalosporins and
carbapenems are alternatives. In the hospitalized premature
infant in whom nosocomial P. aeruginosa infection is a pos-
sibility, ceftazidime is preferred over cefotaxime. Pen G (or
ampicillin) should be used as continuation therapy if the
organism is group B streptococcus, L. monocytogenes, or
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an enterococcus (Committee on Infectious Diseases, 1988;
Dobson and Baker, 1990). Rarely S. mitis may also be
involved, and for this Pen G is also the drug of choice
(Bignardi and Isaacs, 1989). For neonatal meningitis caused
by Gram-negative enteric bacilli, specific therapy with an
aminoglycoside plus a third-generation cephalosporin or
a carbapenem should be based on results of susceptibility
studies.

Listeria monocytogenes is an opportunistic pathogen, and
risk factors include pregnancy, neonatal status, organ trans-
plantation, renal failure, malignancy, systemic lupus, steroid
therapy, and HIV infection (Beninger et al., 1988; Berenguer
et al., 1991; Enocksson et al., 1990; Skogberg et al., 1992;
Jurado et al., 1993; Jensen et al., 1994; Biila et al., 1995). Pen G
or ampicillin is also the drug of choice for the treatment of
L. monocytogenes meningitis and other severe Listeria infec-
tions such as septicemia, endocarditis, pneumonia, pleural
effusion, brainstem encephalitis, and liver abscess (Gallagher
and Watanakunakorn, 1988; Kluge, 1990; Mazzulli and Salit,
1991; Armstrong and Fung, 1993; Braun et al., 1993; Kent et
al., 1994). The manifestations of listeriosis in patients with
AIDS are similar to those in other patients, and response to
Pen G treatment is usually satisfactory (Kales and Holzman,
1990). For listeriosis the synergistic Pen G-gentamicin com-
bination may have advantages compared with Pen G therapy
alone (Stamm et al., 1982; Gallagher and Watanakunakorn,
1988; Paul et al., 1994).

In a study of 493 episodes of acute bacterial meningitis
in adults in one large US general hospital, Durand et al.
(1993) found that nosocomial meningitis occurred in 39%
of patients. Gram-negative meningitis was frequent among
these patients, and they required antibiotics other than Pen
G. In the same series, recurrent meningitis occurred in 9% of
patients.

Mixed bacterial meningitis may also occur. Approximately
1% of all cases of meningitis may be caused by more than one
bacterial species. This is mainly seen in adults with predis-
posing factors such as infection at contiguous foci, tumors in
proximity to brain, or fistulae to the CSE. One of the organ-
isms is often a Gram-negative rod. Failure to recognize one
of the organisms may lead to inadequate therapy (Downs et
al., 1987).

79. Brain abscess

Pen G is an important antibiotic for the treatment of cere-
bral abscess. Frontal lobe abscesses arising from the sinuses
may respond to Pen G alone because they are usually caused
by various types of Pen G-sensitive streptococci, such as
S. milleri. Abscesses of otitic origin that occur in the tempo-
ral lobe usually yield a mixed flora often including anaerobic
bacteria; for these, Pen G should be combined with metroni-
dazole (or chloramphenicol). Metastatic abscesses that occur
anywhere within the brain can be caused by streptococci,
staphylococci, or by a variety of other bacteria. Combination
therapy, including an effective antistaphylococcal drug, is
necessary until bacteriologic results are available. Spinal and

posttraumatic intracranial abscesses are usually caused by
S. aureus. Initial combination treatment with Pen G and chlor-
amphenicol may be effective, but specific antistaphylococcal
therapy may be advisable before the bacteriologic diagnosis
is confirmed (de Louvois, 1978). Owing to the seriousness of
the disease, it is advisable to use combination chemotherapy
for most cerebral abscesses initially (Donald, 1990; Seydoux
and Francioli, 1992). Commonly recommended protocols
include crystalline Pen G plus metronidazole plus ceftriaxone
(or cefotaxime), plus flucloxacillin if post-traumatic (Thera-
peutic Guidelines, 2006; Antibiotic Expert Group, 2014),
and ceftriaxone plus an antistaphylococcal penicillin (Gilbert
et al., 2007; Antibiotic Expert Group, 2014). For postneuro-
surgical abscesses, vancomycin plus either ceftriaxone or cef-
tazidime is recommended (Therapeutic Guidelines, 2006).

7h. Meningococcal and pneumococcal
septicemia

Pen G is the best drug for treatment of meningococcal septi-
cemia, which can be either mild with good prognosis or ful-
minant with shock. In the latter group, the mortality is still
25-50% (Peltola, 1983; Halstensen et al., 1987a; Halstensen
et al., 1987b). In fulminant meningococcal septicemia, as
well as in severe meningococcal meningitis, prompt Pen G
administration is life-saving. A primary-care physician who
suspects meningococcal septicemia should give empiric
Pen G or ceftriaxone before the patient is sent to hospital.
Similarly, in hospital, if lumbar puncture has to be delayed
because of the need for early neuroimaging, i.v. antibiotics
are warranted before CSF is obtained (Talan ef al., 1988;
Cartwright et al., 1992; Strang and Pugh, 1992; Hart and
Rogers, 1993). This applies not only to severe meningococ-
cal infections, but also to other types of severe meningitis.
Pneumococcal septicemia may occur in all age groups, includ-
ing neonates (Jacobs et al., 1990), and again Pen G is the best
treatment in the absence of high-level resistance (Shanks et
al., 1982). Patients who have had a splenectomy are prone
to fulminant septicemia, and although other organisms may
be involved, S. prneumoniae is responsible for the majority
(Dickerman, 1979). Experiments with splenectomized ani-
mals indicate that prompt high-dosage Pen G treatment may
be important in humans with postsplenectomy pneumo-
coccal infections (Bakker-Woudenberg et al., 1982). In New
Zealand, Ellis-Pelger et al. (2003) reported that 3 days of
intravenous benzylpenicillin is sufficient treatment for adults
with meningococcal disease (Ellis-Pelger et al., 2003) and
single-dose long-acting penicillin has been used during out-
breaks in sub-Saharan Africa. Nevertheless, these latter regi-
mens are not routinely recommended in most guidelines
(Antibiotic Expert Group, 2014).

7i. Bacterial endocarditis

Guidelines on the treatment of endocarditis have been issued
by the American Heart Association (Baddour et al., 2015),
the British Society for Antimicrobial Chemotherapy (Gould



et al., 2012), the European Guidelines group (Horstkotte et
al., 2004; Habib et al., 2015), and the Australian Guidelines
group (Antibiotic Expert Group, 2014). A meta-analysis of
various treatment options has recently been reported as has
a review of various newer combination treatment options for
enterococcal endocarditis (Marti-Carvajal et al., 2016; Leone
et al., 2016). A summary of guidelines for the treatment of
infective endocarditis for which penicillin is a relevant ther-
apeutic option, is given in Table 3.10.

Pen G is recommended for the treatment and prevention
of endocarditis caused by viridans streptococci and S. prneu-
moniae, provided the organisms are susceptible (Durack,
1995). Endocarditis due to pneumococcal strains that are
intermediate or high-level resistant to penicillin can be cured
with Pen G in experimental animal models so long as the
Pen G levels are maintained above the MICs throughout the
dosing period (Guerrero et al., 1994). A recent Spanish study
of 111 cases of S. pneumoniae endocarditis found the median
patient age was 51 years, but 23 patients (20.7%) were under
15 years; men accounted for 64% of patients, and infection
was community-acquired in 96.4% of cases. A predisposing
heart condition was present in only 18 patients (16.2%), but
virtually all cases (93.7%) involved a native valve, with left-
sided endocarditis predominating (aortic valve 53.2% and
mitral valve 40.5%). The microbiological diagnosis was
obtained from blood cultures in 84.7% of cases, with non-
susceptibility to penicillin being uncommon (4.2% of recent
isolates). Cardiac surgery was performed in 47.7% of patients,
and overall in-hospital mortality rate was 20.7%. A multivar-
iate analysis revealed an independent risk factor for mortal-
ity was coexistent meningitis (odds ratio [OR], 4.3; 95% CI,
1.4-12.9; p < 0.01), while valve surgery was associated with
survival (OR, 0.1; 95% CI, 0.04-0.4; p < 0.01) (de Egea et al.,
2015). Penicillin is also indicated for endocarditis caused by
group A streptococci and S. bovis. The duration of treatment
ranges from 2 to 4 weeks (see Table 3.10). The duration of
treatment depends on the nature of the infecting organism
and its antibiotic susceptibility.

Several rarer forms of endocarditis respond well to Pen G.
These include gonococcal endocarditis, provided the N. gon-
orrhoeae strain involved is Pen G sensitive (Timmis et al.,
1981); Corynebacterium diphtheriae endocarditis, which is
usually caused by nontoxigenic strains (Love et al., 1981;
Tiley et al., 1993); and C. pseudodiphtheriticum endocarditis,
this organism normally being a commensal in the human
nasopharynx (Morris and Guild, 1991). Erysipelothrix rhusi-
opathiae endocarditis also responds well to Pen G (Gorby and
Peacock, 1988; Gransden and Eykyn, 1988). Listeria mono-
cytogenes also rarely causes endocarditis, and Pen G combined
with gentamicin is probably the best treatment (Carvajal and
Frederiksen, 1988; Gallagher and Watanakunakorn, 1988).
Similarly, the synergistic Pen G plus gentamicin therapy
appears to be the best for the rare cases of Lactobacillus spp.
endocarditis (Sussman et al., 1986; Grifhths et al., 1992).
Pen G, either alone or in combination with gentamicin,
also appears to be the best treatment for the rare cases of
N. mucosa and N. sicca endocarditis. These organisms are
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saprophytic and are frequently found in the human naso-
pharynx; they only occasionally cause human infections
(Stotka et al., 1991; Ingram et al., 1992; Heiddal et al., 1993).
Pen G alone is also the treatment of choice for S. moniliformis
endocarditis (Rupp, 1992).

Measurement of serum inhibitory and/or bactericidal
concentration titers in patients during therapy for bacterial
endocarditis has previously been a common practice; it was
recommended that a peak serum bactericidal concentration
titer of 1:8, or higher, should be maintained in streptococ-
cal endocarditis. However, methods used to measure serum
bactericidal concentrations vary widely, and there is no asso-
ciation between serum bactericidal titers of 1:8 or more and
the therapeutic outcome (Coleman et al., 1982). In a multi-
center evaluation of a standardized serum bactericidal test as
a prognostic indicator of infective endocarditis, peak serum
bactericidal titers of 1:64 or more and trough titers of 1:32 or
more predicted bacteriologic cure in all patients. However,
the serum bactericidal test was a poor predictor of bacterio-
logic failure or the ultimate clinical outcome, which depends
on many factors (Weinstein et al., 1985). The test has further
fallen out of favor because of lack of methodological stan-
dardization and reproducibility.

For a discussion regarding the use of Pen G for endo-
carditis chemoprophylaxis, see Chapter 5, Ampicillin and
Amoxicillin.

7j. Pelvic inflammatory disease

Many organisms can be involved in pelvic inflammatory dis-
ease (PID) but the exact bacteriological cause is often diffi-
cult to determine. Neisseria gonorrhoeae, S. pyogenes, GBS,
and anaerobic streptococci are important pathogens and are
all, except N. gonorrhoeae, usually Pen G sensitive. Others,
such as Chlamydia trachomatis, certain anaerobes including
B. fragilis, and Enterobacteriaceae such as E. coli and Klebsiella
spp., are Pen G resistant (Goodrich, 1982). Seriously ill
patients in whom bacteriologic diagnosis has not been estab-
lished require combination chemotherapy. Crystalline Pen G
in a dose of 12 g i.v. daily may be combined with a tetracy-
cline and gentamicin. This still does not provide treatment
for B. fragilis, so the use of clindamycin or metronidazole
should be considered (Burnakis and Hildebrandt, 1986).
Because of these considerations, Pen G is now rarely used
for the empiric treatment of PID (Walker et al., 1993; Hemsell
et al., 1994; MMWR, 2006; Duarte et al., 2015; Workowski et
al., 2015)

7k. Gonorrhoea

Since its discovery, Pen G was the preferred drug for the
treatment of gonorrhoea, but the widespread emergence of
resistance (see section 2b) means Pen G is no longer being
used in most countries throughout the world. For the rare
areas where the prevalence of Pen G-resistant gonococci
remains low or where penicillin susceptibility has been proven,
Pen G can still be used for treatment, although amoxicillin or
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Table 3.10. Guidelines for the treatment of infective endocarditis where penicillin is a relevant therapeutic option

Pathogens and penicillin
susceptibility

Valve
type®

First choice antibiotic(s)

Viridans streptococci and S. gallolyticus (formerly S. bovis)

Susceptible (MIC < 0.125 pg/ml)

Relatively resistant, low level
(MIC > 0.125 and < 0.5 pg/ml)

Relatively resistant (MIC > 0.5
and < 2 ug/ml)

Relatively resistant (MIC > 0.125
and < 2 pg/ml)
Resistant (MIC > 2 ug/ml)

NVE-UC

NVE-C

PVE

NVE

NVE

PVE

Benzylpenicillin-SD + gentamicin,®
2 weeks or Benzylpenicillin-SD,
4 weeks

Benzylpenicillin-SD, 4 weeks +
gentamicin,® 2 weeks

Benzylpenicillin-HD,* 6 weeks +
gentamicin,® 2 weeks

Benzylpenicillin-SD, 4 weeks +
gentamicin,®® 2 weeks

Benzylpenicillin-SDf + + gentami-
cin,? 4-6 weeks

Benzylpenicillin-HD,* 6 weeks +
gentamicin,® 6 weeks

NVE/PVE Uncertain; Consider vancomycin®

+ gentamicin,® 6 weeks

Granulicatella and Abiotrophia (formerly nutritionally variant streptococci)
NVE/PVE Benzylpenicillin-HD,* 6 weeks + +

Susceptible? (MIC < 0. 5 pg/ml)

Resistant® (MIC = 0. 5 pg/ml)

S. pyogenes and S. pneumoniae
Susceptible (MIC < 0.06 pg/ml)

Intermediate (MIC 0.125-2 pg/ml)

Resistant (MIC > 4 pg/ml)

Enterococcus spp.
Susceptible (MIC < 8 pg/ml) +
no HLR-G

gentamicin,® 2 weeks

NVE/PVE Benzylpenicillin-HD,© 6 weeks +

NVE

PVE

gentamicin,® 2 weeks, but
duration of therapy poorly
defined

Benzylpenicillin-SD, 4 weeks

Benzylpenicillin-SD, 6 weeks

Benzylpenicillin-HD, 4 weeks or
Ceftriaxone-HD, if meningitis

Uncertain; consider ceftriax-
one-HD or vancomycind *
rifampicin

NVE/PVE Benzylpenicillin-HD + gentamicin,®

4-6 weeks

Alternative antibiotic(s)?

Vancomycin,? 4 weeks;
ceftriaxone-SD, 4 weeks

Ceftriaxone-SD, 6 weeks
+ gentamicin,® 2 weeks

Ceftriaxone-SD, 4 weeks;
vancomycin,® 4 weeks

Ceftriaxone-SD, 6 weeks
+ gentamicin,® 6 weeks

Ceftriaxone or
vancomycin

Consider continuous-
infusion benzylpeni-
cillin-HD; ceftriaxone
or vancomycin

Ceftriaxone-SD, 4 weeks;
vancomycin,® 4 weeks

Ceftriaxone-SD, 6 weeks;

vancomycin, 6 weeks

Unproven alternatives:
moxifloxacin

Vancomycin® +
gentamicin®

Comments

Regimen depends on
sensitivity of organism to
Pen G

Definitions of relative
resistance vary: Australia:
intermediate, low level,
MIC > 0.125 and < 0.5
pg/ml; intermediate, MIC
> 0.5 and < 2 pg/ml

USA: MIC > 0.125 and <
0.5 pg/ml

Europe: MIC 0.25-2 pg/ml

Large vegetations common;
high risk of complications
and need for valve
surgery

US guidelines also
recommend ampicillin
12 g/day in divided
doses as an alternative to
benzylpenicillin

S. pneumoniae endocarditis
is associated with
meningitis in approxi-
mately 30% cases

Definitions of intermediate
resistance vary:

USA: MIC 0.125-1 pg/ml;
resistant: MIC > 2 pg/ml

If meningitis present, then
monitoring of CSF drug
concentrations should be
considered

European guidelines
recommend ampicillin/
amoxicillin instead of
benzylpenicillin for
penicillin-susceptible
enterococcal
endocarditis



Pathogens and penicillin
susceptibility

Susceptible (MIC < 8 pg/ml) +

HLR-G¢

Resistant (MIC > 8 ug/ml) + no

HLR-G
Resistant (MIC > 8 ug/ml) +
HLR-G

Resistant (MIC > 8 pg/ml) +
HLR-G + VR

Valve
type?

First choice antibiotic(s)

Benzylpenicillin-HD, 6 weeks or If
E. faecalis; consider ampicillin-
HD + ceftriaxone-HD, 6 weeks'

Vancomycind + gentamicin,® 4-6
weeks

Uncertain; consider vancomycin®
alone or alternatives

NVE/PVE Uncertain; consider linezolid or

daptomycin, depending on
susceptibilities. PVE likely to
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Alternative antibiotic(s)?

Linezolid or daptomycin,*
6 weeks

Linezolid or daptomycin,*
> bweeks

Comments

Australian guidelines
recommend for double
beta-lactam therapy
either ampicillin/
amoxicillin-HD or
benzylpenicillin-HD +
ceftriaxone-HD - 6 weeks
for E. faecalis

Monitor for emergence of
resistance, especially to
daptomycin

Monitor for emergence of
resistance, especially to
daptomycin

require surgery

Consider combinations of
daptomycin + ampicillin
+ ceftaroline

HACEK spp.
Susceptible NVE Benzylpenicillin-HD, 4 weeks
PVE Benzylpenicillin-HD, 6 weeks +
surgery
Resistant NVE Ceftriaxone-SD, 4 weeks Cefotaxime
PVE Ceftriaxone-SD, 6 weeks +
surgery

Abbreviations: NVE: native valve endocarditis; PVE: prosthetic valve endocarditis (in general, PVE requires 6 weeks IV therapy = surgery); UC: uncomplicated;
C: complicated (large vegetation, multiple septic events or emboli); benzylpenicillin-SD: standard dose (1.8 g i.v. every 4 hours); benzylpenicillin-HD: high dose
(2.4 g i.v. every 4 hours); ceftriaxone-SD: standard dose (2 g i.v. daily); ceftriaxone-HD: high dose (2 g i.v. every 12 hours); HLR-G: high-level resistance to
gentamicin (MIC > 500 ug/ml; no synergy achieved with combination therapy); ampicillin-HD: high dose (2 g every 4 hours); VR: vancomycin-resistant; HACEK
organisms: Haemophilus spp. (Actinobacillus actinomycetemcomitans; Cardiobacterium hominis; Eikenella corrodens; Kingella spp.)

2Consider if confirmed penicillin allergy or other intolerance.
®Routine gentamicin dose = 1mg/kg every 8 hours

‘Dose of benzylpenicillin uncertain; probably wise to use a high dose similar to enterococcal endocarditis. US guidelines recommend up to 18 g/day for resistant

infections.

dRoutine vancomycin dose = 30 mg/kg/day (i.e. 1.0-1.5g every 12 hours), but depends on renal function and results of therapeutic drug monitoring; aim for

trough serum levels of 15-20 pg/ml.
eUS guidelines recommend once-daily gentamicin.
European guidelines recommend benzylpenicillin-HD.
9Accurate susceptibility testing can be difficult.

"Check for susceptibility to streptomycin; noted in approximately 10% of HLR-G strains.

‘Nonrandomized trial data only; no known efficacy for E. faecium.
iLinezolid dose = 600 mg i.v. or orally every 12 hours.
“Daptomycin dose = 10-12 mg/kg daily.

Source: Summarized from Antibiotic Expert Group (2014), Habib et al. (2015), and Baddour et al. (2015).

ampicillin plus probenecid would usually be preferred
because this avoids the disadvantages of a large Pen G injec-
tion, with possible procaine reactions or Pen G anaphylaxis.
When used, the recommended dosage of Pen G is procaine
Pen G 4.8 g injected i.m. in two divided doses plus 1.0 g oral
probenecid. Potential coexistent chlamydial infection should
be treated with either doxycycline or azithromycin (Washing-
ton, 1982; Workowski et al., 2015). Historically, this Pen G
regimen was effective for anorectal gonorrhoea in women
and men, but “single session” amoxicillin or ampicillin was

not satisfactory for men. Gonococcal pharyngitis was also
not reliably cured by single-dose Pen G, and a 5- to 7-day
course of Pen G was recommended (Lebedeff and Hochman,
1980; Washington, 1982). For infants with susceptible gono-
coccal infections (e.g. ophthalmia neonatorum) or dissemi-
nated gonococcal infections crystalline Pen G was previously
used in a dose of 60-100 mg/kg/day given in two equal doses
iv. or im. (Washington, 1982).

The CDC guidelines for the treatment of gonorrhea
and other STDs has recently been published, as have other
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national guidelines (Bignell et al., 2011; Antibiotic Expert
Group, 2014; Workowski et al., 2015).

71. Syphilis

Pen G remains the drug of choice for the treatment of this
syphilis (MMWR, 2006; Workowski et al., 2015). Treponema
pallidum has not become increasingly resistant to Pen G, being
immobilized in vitro at a maximal rate by only 0.1 pg/ml.
Lesions of experimental syphilis resolve most readily in the
presence of serum Pen G levels of only 0.4 pg/ml. Early syph-
ilitic infections in humans have been treated successfully with
Pen G regimens yielding serum levels of only 0.02 pg/ml. It is
commonly stated that the aim of treatment is to maintain
sustained comparatively low Pen G serum and tissue levels
for 7-10 days. Treponema pallidum is sensitive to such levels;
it multiplies slowly by dividing once every 30-33 hours and
only actively dividing organisms are susceptible to Pen G
(Willcox, 1981; Zenker and Rolfs, 1990). However, to attain
such levels in tissues, much higher serum levels of Pen G may
be necessary, and so the treatment schedules for the various
stages of syphilis have remained controversial.

It is still recommended that primary and secondary and
latent syphilis of less than 1 year’s duration can be treated
with a single dose of benzathine penicillin G 2.4 million
units (1.8 g) i.m. (MMWR, 2006; Antibiotic Expert Group,
2014; Workowski et al., 2015). Failures have occurred with
such treatment (Brown, 1982; Zenker and Rolfs, 1990;
MMWR, 2006). Good results have been obtained in both
primary and secondary syphilis by using two doses of 2.4
million units (1.8 g) benzathine Pen G, separated by 1 week
(Fiumara, 1980; Fiumara, 1986). Another recommendation
is a minimum of 0.6 g of procaine Pen G i.m. daily for 10 days
(Willcox, 1981; Thin, 1989). Because of the possible long-
term catastrophic sequelae of inadequately treated syphilis,
where possible it is preferable to use a 10- to 14-day course of
procaine Pen G in daily i.m. doses of 1.0 g for early syphilis.
Some patients with secondary syphilis, especially those with
early central nervous system involvement evidenced by men-
ingitis, are best treated by i.v. crystalline Pen G in a dose of
7.2-14.4 g daily for 2 weeks (Zenker and Rolfs, 1990).

Treatment of latent syphilis of more than 1 year’s duration
is controversial (Brown, 1982). Most clinicians believe that
neurosyphilis should be managed differently from syphilis
of more than 1 year’s duration without central nervous sys-
tem involvement. For this reason, a lumbar puncture should
generally be performed on all patients with latent syphilis,
irrespective of whether they have clinical neurologic abnor-
malities; if the CSF is abnormal, this should be reexamined
after treatment (Jaffe and Kabins, 1982). For patients with
latent syphilis of more than 1 year’s duration who have no
clinical or CSF evidence of neurosyphilis, benzathine Pen G
7.2 million units (5.4 g) total, administered as three doses of
2.4 million units (1.8 g) i.m., given one week apart for three
consecutive weeks, is recommended. Such treatment has failed
in both early and latent syphilis during the second and third
trimesters of pregnancy (Reyes et al., 1993). Perhaps a more
satisfactory treatment for all patients with latent syphilis of

more than 1 year’s duration is daily i.m. injections of 1.0 g
of procaine Pen G for 2 weeks. Patients with neurosyphilis
should receive crystalline Pen G in a dose of 7.2-14.4 g i.v.
for 2 weeks. This requires the admission of patient to hospital
or management via a hospital-in-the-home (or OPAT) pro-
gram. Inadequate CSF levels of Pen G are attained with other
Pen G regimens (Mohr et al., 1976). Treponemicidal Pen G
concentrations in CSF are not reached in all patients with
neurosyphilis if an i.m. procaine penicillin regimen is used
for treatment (Van der Valk et al., 1988). Treponema pallidum
has been isolated from the CSF of patients treated by high
dosages of benzathine Pen G i.m. but they were eliminated
after retreatment with large doses of i.v. crystalline Pen G
(Tramont, 1976). Despite the widespread use of a 10 day i.m.
procaine Pen G regimen for neurosyphilis in the UK, there
have been only rare reports of progressive neurosyphilis after
such treatment (Giles, 1980).

The Pen G regimens provided here are satisfactory for the
treatment of syphilis during pregnancy. Congenital neu-
rosyphilis should be treated by i.m. or i.v. crystalline Pen G
for 10-14 days. Procaine Pen G i.m. daily for 10-14 days also
may be satisfactory. In newborn infants adequate CSF levels
of Pen G cannot be achieved after benzathine Pen G admin-
istration (Speer et al., 1977; Lane and Oates, 1988). It appears
that single-dose treatment with 4.8 million units (4.8 g) of
procaine Pen G for gonorrhoea is also effective therapy for
incubating syphilis (Schroeter et al., 1971), but this now has
little relevance given the abandonment of Pen G therapy for
gonorrhoea. For the treatment of syphilis in Pen G-allergic
patients, tetracyclines (see Chapter 67, Tetracycline) are indi-
cated, except pregnant patients should receive erythromycin
(see Chapter 59, Erythromycin).

Syphilis in patients with HIV infection poses difficult prob-
lems. First, diagnosis may be delayed or not made because
serologic response to syphilis in some patients may be absent
or delayed. If clinical findings suggest syphilis but serologic
tests are negative, other tests such as dark fluid microscopy
or direct fluorescent antibody test for T. pallidum should be
performed (Hook, 1989a). HIV may also alter the serologic
response to therapy in patients with early syphilis (Telzak et
al., 1991). Moreover, it appears neurosyphilis is more com-
mon in the early stages of syphilis in HIV-infected patients,
and a CSF examination may be wise in every HIV-positive
patient in whom syphilis is diagnosed in any stage (Lukehart
et al., 1988). If there is CSF pleocytosis, elevated CSF protein,
and positive CSF VDRL (or similar) test, neurosyphilis is
very likely. If there are CSF abnormalities, but the VDRL test
is negative, these CSF abnormalities may be due to neuro-
syphilis or to HIV infection itself. Tomberlin et al. (1994)
suggested the accuracy of the diagnosis of neurosyphilis may
be improved if atients are also evaluated for production of
intrathecal treponemal antibody with the use of the TPHA
index. Hook (1994) suggested every presumed case of neu-
rosyphilis be treated by high doses of i.v. Pen G should be
reevaluated some time after the treatment. If the CSF abnor-
malities resolve after treatment, the diagnosis was very likely
neurosyphilis. HIV-infected patients with neurosyphilis appear
to have a higher relapse rate after adequate courses of Pen G,



and so long-term follow-up of these patients is necessary
(Malone et al., 1995).

Any patient who has presumptive evidence of neuro-
syphilis should be treated preferably by crystalline Pen G
7.2-14.4 g daily i.v. for 10-14 days (Musher, 1988; Musher,
1991; Antibiotic Expert Group, 2014; Workowski et al., 2015).
As it may be difficult to admit all patients to the hospital,
benzathine Pen G supplemented by high-dosage oral amoxi-
cillin (2.0 g orally three times daily) plus probenecid (Hook,
1989a; Hook, 1989b) has been tried, but home administra-
tion of i.v. Pen G may be preferable. Destructive bone disease
can occur in congenital or tertiary syphilis, but one HIV-
infected patient developed this as the initial manifestation
of secondary syphilis. High-dose i.v. Pen G was curative
(Kastner et al., 1994).

Patients with syphilis who are allergic to penicillin pose a
difficult treatment problem. Limited data suggest that ceftri-
axone 2 g daily either IM or IV for 10-14 days can be used
as an alternative treatment for persons with neurosyphilis
(Hook et al., 1986; Shann and Wilson, 2003; Workowski et
al., 2015). Previously, tetracycline or doxycycline were con-
sidered an alternative (MMWR, 2006), but the latest CDC
guidelines suggest that no proven alternatives to penicillin
are available for treating neurosyphilis, congenital syphilis,
or syphilis in pregnant women; and that penicillin is recom-
mended, whenever possible, for persons with HIV infection
(Workowski et al., 2015). Other authors have suggested that
single-dose oral azithromycin may be effective in treating
early syphilis in some geographic settings. However, recent
reports of azithromycin-resistant Treponema pallidum in the
USA indicate the importance of continued monitoring for
resistance (Riedner et al., 2005).

The treatment of syphilis has been recently reviewed
(Clement et al., 2014; Tuddenham and Ghanem, 2015; Liang
et al., 2016). In a meta-analysis of 102 articles (including 11
randomized trials), evidence regarding penicillin and non-
penicillin regimens was reviewed from studies involving
11,102 patients. Data on the treatment of early syphilis sup-
ported the use of a single intramuscular injection of 2.4 mil-
lion units benzathine penicillin G, with studies reporting
90-100% treatment success rates. The value of multiple-dose
treatment of early syphilis was uncertain, especially in HIV-
infected individuals. Less evidence was available regarding
therapy for late and late latent syphilis. Evidence defining
treatment for HIV-infected persons and for pregnant women
was found to be limited, but available data supported peni-
cillin as first-line therapy. The authors concluded that paren-
teral penicillin G was the mainstay of syphilis treatment
despite the relatively modest clinical trial data that support
its use (Clement et al., 2014).

7m. Yaws

Similar to syphilis, Pen G is the recommended treatment for
yaws, which is caused by Treponema pallidum pertenue, a
bacterium that is spread by skin-to-skin contact in humid
tropical regions (Taber and Feigin, 1979; Mitja et al., 2013;
Stamm, 2015). As with syphilis, clinical manifestations can
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be divided into three stages, but unlike syphilis, mother-to-
child transmission does not occur. A major campaign to
eradicate yaws in the 1950s and 1960s, by mass treatment of
affected communities with long-acting, injectable penicillin,
reduced the number of cases by 95% worldwide, but yaws has
reappeared in recent years in Africa, Asia, and the western
Pacific. In countries where the prevalence of active yaws is
over 10%, the whole population is often given a single i.m.
injection of 1.2 or 2.4 million units (0.9 or 1.8 g) of benza-
thine Pen G. Alternatively, this treatment may be given only
to active cases and all their contacts (Brown, 1985; Willcox,
1985). More recently it has been shown that one oral dose of
azithromycin is as effective as intramuscular penicillin, and
the WHO launched a new initiative to eradicate yaws by
2020 (Mitja et al., 2013). The treatment and management
of yaws has been reviewed (Mitja et al., 2013; Stamm, 2015;
Marks et al., 2015).

/n. Leptospirosis

Leptospirosis, an acute disease, is often mild and self-limited,
so the efficacy of antibiotic treatment is difficult to assess.
Although leptospires are sensitive to Pen G in vitro, some con-
sider this drug (or any other antibiotic) to be of little value
for treatment of human infections. However, most authors
believe Pen G is beneficial provided it is started early in the
course of the disease (Taber and Feigin, 1979). A 5- to 10-day
course of crystalline Pen G 2.4-6.0 g daily should be given;
this usually reduces the duration of pyrexia and also reduces
the frequency of jaundice and renal involvement in severe
cases, such as those caused by L. icterohaemorrhagiae (Ken-
nedy et al., 1979; Tennent, 1980; Watt et al., 1988). It is impor-
tant to administer Pen G to pregnant women with this disease
as this usually prevents fetal infection (Shaked et al., 1993).

Panaphut et al. (2003) reported that ceftriaxone and Pen
G were equally effective for the treatment of severe leptospi-
rosis. Other authors also now recommend ceftriaxone as an
alternative to Pen G for this condition (Therapeutic Guide-
lines, 2006; Antibiotic Expert Group, 2014). The antibiotic
treatment of leptospirosis has been reviewed (Brett-Major
and Coldren, 2012; Pappas and Cascio, 2006; Griffith et al.,
2006).

A recent Cochrane review assessed seven randomized tri-
als, four of which (403 patients) compared an antibiotic with
placebo or no intervention. All trials were deemed as having
a high risk of bias. All four trials that compared antibiotics
with placebo used parenteral penicillin. The authors con-
cluded that there was insufficient evidence to advocate for or
against the use of antibiotics in the therapy for leptospirosis.
Among survivors who were hospitalized for leptospirosis,
antibiotic therapy appeared to decrease the duration of clini-
cal illness by 2-4 days, although this result was not statisti-
cally significant. They concluded that when electing to treat
with an antibiotic, selection of penicillin, doxycycline, or
cephalosporin does not seem to impact mortality nor dura-
tion of fever; and that the benefit of antibiotic therapy in the
treatment of leptospirosis remains unclear, particularly for
severe disease (Brett-Major and Coldren, 2012).
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70. Lyme disease

Described in 1976, Lyme disease presents with skin lesions
(erythema chronicum migrans) and often headache, fever,
malaise, and fatigue. Some patients develop recurrent arthri-
tis, and occasionally neurologic and cardiac complications can
occur (Steere et al., 1987; Dekonenko et al., 1988; Williams et
al., 1990; Motiejunas et al., 1994). In the first empirical anti-
biotic trial, Steere et al. (1980) used oral Pen G for 7-10 days
to treat this disease. This shortened early manifestations and
fewer patients developed arthritis, but subsequent neuro-
logic and cardiac abnormalities were unaffected. Tetracycline
was also helpful, but erythromycin had no significant effect.
The discovery that this disease is caused by the spirochete
B. burgdorferi and is transmitted by the tick Ixodes dammini
(Harris, 1983) explains why Pen G treatment is effective.
Three antibiotic regimens were compared in 108 adult patients
with early manifestations of Lyme disease. Oral tetracycline
(see Chapter 67, Tetracycline) was the most effective, fol-
lowed by oral penicillin V, whereas erythromycin was the
least effective (Steere et al., 1983b). High-dose i.v. Pen G, 12
g daily for 10 days, is effective therapy for the neurologic
abnormalities of Lyme disease (Steere et al., 1983c; Vikerfors
and Rudback, 1987; Halperin, 1989). The same high-dose
Pen G regimen is often, but not always, effective for estab-
lished Lyme arthritis or myositis (Steere et al., 1985; Horowitz
et al., 1994). Ceftriaxone (see Chapter 27, Ceftriaxone) is
more effective against this spirochete in vitro, and in a dose
of 2-4 g daily appears to be more effective than large doses
of crystalline Pen G for neurologic manifestations, chronic
arthritis, and myositis (Halperin, 1989; Cryan and Wright,
1990; Philipson, 1991; Rahn and Malawista, 1991; Horowitz
et al., 1994; Janovska et al., 2001).

One controlled trial using amoxicillin prophylaxis for
Lyme disease after deer tick bites showed that even in an area
in which Lyme disease is endemic the risk of infection with
B. burgdorferi after a recognized deer tick bite is so low that
prophylactic antimicrobial treatment is not routinely indi-
cated (Shapiro et al., 1992). One study in a rodent model
showed that infection by this spirochete can be aborted by
topical application of an antibiotic (either tetracycline, Pen G,
amoxicillin, erythromycin, ceftriaxone, or doxycycline) to
the site of the tick attachment (Shih and Spielman, 1993).
Empirical antibiotic treatment is not advocated for patients
who are seropositive for Lyme disease but who lack clinical
features of this infection and who only have fatigue (Luft et
al., 1994). The Infectious Diseases Society of America (IDSA)
has issued guidelines for the management of Lyme disease,
and the topic has recently been reviewed (Wormser et al.,
2006; Lantos et al., 2010; Sanchez et al., 2016).

7p. Rat-bite fever

Pen G is effective for both S. moniliformis (Actinobacillus
muris) and Spirillum minus infections (Raffin and Freemark,
1979). If endocarditis is present, 4-6 weeks’ chemotherapy
is advisable (Rupp, 1992). Recent reviews have nicely sum-

marized the literature regarding the treatment of endocar-
ditis and also septic arthritis (Madhubashini et al., 2013;
Dendle et al., 2006).

7q. Clostridium perfringens (welchii)
infections

For the treatment of gas gangrene, postpartum infection with
C. perfringens, and postabortion C. perfringens septicemia,
Pen G has been regarded as the best antibiotic (Dylewski et
al., 1989). The use of polyvalent gas gangrene antitoxin as an
adjunct to Pen G has been controversial, but most authorities
now advise against its use (Dylewski et al., 1989). Gas gan-
grene may occur in patients with occlusive arterial disease
undergoing lower limb amputation, and prophylactic Pen G
for 2 days, starting immediately before the operation, should
be used (Brumfitt and Hamilton-Miller, 1975; Mashford et al.,
1994). For Pen G-allergic patients, either chloramphenicol or
erythromycin may be a suitable alternative. Pen G-resistant
C. perfringens strains have been reported (see section 2a).

Studies in experimental animals have shown that clin-
damycin and metronidazole are superior to Pen G for the
treatment of C. perfringens infection (Stevens et al., 1987).
Hyperbaric oxygen, given early, improved the results of Pen
G and metronidazole therapy, but not that of clindamycin,
which had a superior efficacy to the other two drugs (Stevens
et al., 1987; Stevens et al., 1993b). A key focus in this disease
is early resective surgery; thus the role of hyperbaric oxygen
therapy remains controversial if it is at the expense of early
surgical intervention.

7r. Tetanus

Pen G is used in conjunction with antitoxin in the treatment
of tetanus. Although C. tetani is sensitive to Pen G, the nature
of the infected wound is often such that the organism is inac-
cessible to antibiotics. The main principles in the treatment
of a tetanus wound are surgical débridement and prevention
or treatment of associated infection. The latter may lead to
activation of spores and create an anaerobic environment
(particularly if an undetected foreign body is present) for
the proliferation of C. tetani. Pen G is unreliable for tetanus
prophylaxis and, in previously nonimmunized patients,
human tetanus hyperimmune immunoglobulin should be
used in addition to formal tetanus vaccination. Metronidazole
can also be used for treatment of tetanus (see Chapter 99,
Metronidazole).

7s. Anthrax

Pen G has been the mainstay of treatment for anthrax.
However, concerns have been expressed about low-level
beta-lactamase activity in some isolates and also the poor
penetration of beta-lactams into macrophages (Bell et al.,
2002). Ciprofloxacin or doxycycline are now preferred for
the treatment of cutaneous anthrax (Brook, 2002). Sixty days
of treatment is indicated for pulmonary disease, for which



combination therapy with ciprofloxacin plus another anti-
biotic with activity against B. anthracis (e.g. Pen G, rifampi-
cin) is indicated. Postexposure prophylaxis is indicated with
ciprofloxacin or doxycycline (Brook, 2002). Bacillus anthracis
can rarely cause bacterial meningitis, which should be treated
with an intravenous fluoroquinolone plus Pen G or vanco-
mycin (Sejvar et al., 2005). Anthrax has been used as a bio-
terrorism agent (MMWR, 2001).

7t. Diphtheria

Pen G is used to eradicate organisms in diphtheria, but the
timely administration of diphtheria antitoxin remains the
essential measure. Pen G can also be used to eradicate the car-
rier state. McCloskey et al. (1974) found a single injection
of benzathine penicillin was effective in 84% of carriers, but
oral erythromycin or clindamycin was superior. Given that
penicillin is the recommended first-line agent for the pro-
phylaxis and treatment of C. diphtheriae in patients, a recent
report of a case of nontoxigenic C. diphtheriae in a previously
healthy 14-year-old girl that was acquired in Ethiopia is of
interest because it was the first clinical case of penicillin-
resistant C. diphtheriae in the UK (FitzGerald et al., 2015).

7u. Actinomycosis

Pen G is the drug of choice for actinomycosis, but owing to
the fibrotic, necrotic, and avascular nature of the lesions,
large doses for several months are necessary (Spinola et al.,
1981); doxycycline is a treatment alternative (see Chapter 68,
Doxycycline). Thoracic involvement occurs in 15-34% of
cases; cardiac involvement is rare, but if it occurs, the peri-
cardium is usually involved. Treatment consists of high-dose,
long-term Pen G therapy as well as drainage of the pericar-
dial space (Fife et al., 1991). Endocarditis is rare, and Pen G
again is the treatment of choice (Lam et al., 1993). Actinomyces
can also cause liver abscess. Treatment is usually successful
with prolonged administration of Pen G, and drainage is
needed only in some cases (Miyamoto and Fang, 1993).
Actinomyces can also involve the central nervous system,
causing brain abscess, meningitis, meningoencephalitis, sub-
dural empyema, and epidural abscess. Optimal management
involves combined adequate surgical drainage with pro-
longed Pen G therapy (Smego, 1987). Uterine actinomycosis
infection can occur in association with intrauterine contra-
ceptive devices. Infection is usually superficial and relatively
harmless, but it may become invasive and fatalities have
occurred (de la Monte et al., 1982; Perlow et al., 1991). The
treatment and management of actinomycosis has recently
been reviewed, with Pen G remaining a cornerstone of ther-
apy in most cases, although the duration of therapy depends
on the site of infection (Wong et al., 2011; Valour et al., 2014).

7v. Pasteurella multocida infections

Pasteurella multocida may cause wound infections after
animal bites, such as those inflicted by dogs and cats. How-
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ever, other organisms, such as various types of staphylococci,
alpha-hemolytic streptococci Capnocytophaga, and anaero-
bic bacteria, may also cause infections after animal bites
(Goldstein, 1992). Less commonly, Pasteurella multocida
causes septic arthritis, osteomyelitis, septicemia, meningitis,
endocarditis, puerperal sepsis, renal infection, acute epiglot-
titis, or pleuropulmonary infections (Johnson and Rumans,
1977; Lehmann et al., 1977; Mitchell et al., 1982; Raffi et al.,
1987; Kumar et al., 1990; Leung and Jassal, 1994). Septicemia
is more likely to occur in patients with severe underlying dis-
eases, such as advanced hepatic disease or neoplasms (Stein
et al., 1983). Pasteurella multocida infection of a prosthetic
vascular graft has been reported (Kalish and Sands, 1983).
Pen G is indicated for all of these infections, as this Gram-
negative bacillus is usually highly sensitive to Pen G (Weber
et al., 1984). Resistant strains occur, but are very rare.

7w. Capnocytophaga canimorsus (formerly
DF-2 bacillus) infections

Capnocytophaga canimorsus infections are usually acquired
from dog bites. In splenectomized patients, often a fulminant
septicemia with shock results; in patients with intact spleens,
the illness is usually milder, but septicemia and endocarditis
may occur. Crystalline Pen G, given i.v, is the treatment of
choice, but other antibiotics, such as clindamycin, are also
effective (Findling et al., 1980; Kalb et al., 1985; Westerink et
al., 1987). Beta-lactamase-positive strains have been described
(Bilgrami et al., 1992).

7x. Lactobacillus infections

Lactobacillus infections respond to Pen G or to Pen G plus
gentamicin in combination. Lactobacillus septicemia has
occurred after liver transplantation; the strains were usually
sensitive to Pen G but resistant to vancomycin. Some of the
patients responded to i.v. Pen G therapy (Patel et al., 1994).

7y. Infections caused by miscellaneous
opportunistic pathogens

Rothia mucilaginosa (formerly Stomatococcus mucilaginosus)
is a Gram-positive coagulase-negative coccus that forms part
of the normal mouth flora. It can cause endocarditis, catheter-
related infection, and septicemia, including in neutropenic
patients. Pen G is the best drug for the treatment of infec-
tions, but a few strains of this organism are Pen G resistant
(Ascher et al., 1991; McWhinney et al., 1992).

Kingella kingae normally colonizes the mucous membranes
of the upper gastrointestinal tract and is a Gram-negative
coccobacillus of the HACEK group. It has been increasingly
recognized as a cause of human infections, particularly in
children. It can cause arthritis, osteomyelitis, diskitis, endo-
carditis, and pulmonary infections. The treatment of choice
is Pen G, to which all strains are sensitive (de Groot et al.,
1988; Morrison and Wagner, 1989; Meis et al., 1992).
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Eikenella corrodens, another HACEK organism, is a slowly
growing aerobic Gram-negative rod that is a normal inhab-
itant of the human oral cavity. It most commonly causes
pleuropulmonary infections in patients with underlaying
malignancy. Rarely it can cause a pancreatic abscess. Pen G is
the best treatment although a few strains may be Pen G resis-
tant (Joshi et al., 1991; Stein et al., 1993).

Actinobacillus actinomycetemcomitans is a small Gram-
negative coccobacillus. It can cause serious infections in
humans, such as periodontal infection, soft-tissue abscess,
and endocarditis. Pen G is usually effective treatment, but
some strains are resistant to this drug (Kaplan et al., 1989b;
Van Winkelhoff et al., 1993).

Cardiobacterium hominis, an opportunistic Gram-negative
bacillus, has been implicated as a cause of endocarditis.
Rechtman and Nadler (1991) have described a patient with
abdominal abscess due to this organism plus Clostridium
bifermentans. Pen G is usually the best treatment.

Neisseria lactamica is a rare cause of meningitis, usually
in children, but one adult developed this following skull
trauma. Pen G is the best treatment (Denning and Gill, 1991).
Neisseria sicca is a rare cause of endocarditis; Pen G is the
best treatment (Heiddal et al., 1993).

Bacteria of the Leuconostoc genus are Gram-positive cocci
that are normally found in dairy products or vegetable mat-
ter. These organisms rarely causes septicemia, mainly in
hospitalized patients with underlying diseases such as malig-
nancies. Pen G in high doses is probably the best treatment
(Handwerger et al., 1990).

Chryseomonas luteola and Flavimonas oryzihabitans are
similar pigmented Gram-negative bacilli and they can rarely
cause bacteremia in otherwise critically ill patients and peri-
tonitis in patients undergoing CAPD. Chryseomonas luteola
isolates are often Pen G resistant and other drugs such as cef-
tazidime are necessary for treatment. By contrast, Flavimonas
oryzihabitans is usually Pen G sensitive and this drug is suit-
able for treatment (Hawkins et al., 1991).

Propionibacterium spp. are anaerobic Gram-positive bacilli
that normally inhabit the mouth and upper respiratory tract.
Occasionally they can cause brain abscess, parotid and
dental infections, pulmonary infections, and peritonitis. The
patients usually have a predisposing condition. These organ-
isms are susceptible to Pen G, which in most cases is the anti-
biotic of choice (Brook and Frazier, 1991).

7z. Chemoprophylaxis of rheumatic fever

In patients who cannot or will not take oral medication,
benzathine Pen G in a dosage of 600,000-1,200,000 units
(0.45-0.9 g) i.m. once per month has been used. However,
pharmacokinetic data indicate that this dose should be given
once every 2 weeks (see section 5c). Currie et al. (1994) stud-
ied 4 weekly i.m. doses of 1,200,000 units (0.9 g), 1,800,000
units (1.35 g), and 2,400,000 (1.8 g). Nevertheless, a regimen
of monthly doses of 0.9 g appeared to be effective among US
army recruits, despite the fact that serum levels of Pen G that

inhibit S. pyogenes in these trainees persisted for only 1-2
weeks after this dose (Bass et al., 1996).

Despite the fact that benzathine Pen G has a long half-life,
and therefore if a severe allergic reaction starts early after the
injection there will be further absorption of Pen G from the
injection site, there is no evidence that its regular use for
rheumatic fever prophylaxis is associated with more frequent
anaphylaxis and other allergic reactions than the administra-
tion of other forms of Pen G (International Rheumatic Fever
Study Group, 1991). The management and prevention of rheu-
matic fever has been recently reviewed (Webb et al., 2015).

7aa. Botulism

Pen G therapy has been suggested as an adjunct to other
treatment of botulism, to prevent Clostridium spore germi-
nation and release of more toxin in the bowel (Eisenberg and
Bender, 1976). Similarly, Pen G has been used as an adjunct
to other treatment in wound botulism, but it is not clear
whether this treatment promotes recovery (Weber et al.,
1993). A recent case of an infant with toxin- and culture-
confirmed botulism that relapsed despite therapy with amox-
icillin and metronidazole is notable because the C. botulinum
A2 strain was found to be resistant to penicillins and display
heterogeneous resistance to metronidazole. The strain was
isolated from stool samples up to 110 days after onset. Anti-
biotic susceptibility was tested by disc agar diffusion and
MICs were determined by E test. Whole genome sequencing
detected a gene cluster composed of blaCBP (a novel penicil-
linase), blal (regulator), and blaR1 (for a membrane-bound
penicillin receptor) in the chromosome. It is important that
the beta-lactamase gene cluster was found in three C. botuli-
num genomes in databanks and in other stored isolates, with
all the strains belonging to group I C. botulinum. This is the
first report of a C. botulinum isolate resistant to penicillins
and highlights the emerging need to undertake antibiotic
susceptibility testing to ensure appropriate therapy of botu-
lism (Mazuet et al., 2016).
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