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Editorial
Urinary Tract Infections
Truls E. Bjerklund Johansen and Kurt G. Naber
Reprinted from Antibiotics. Cite as: Johansen, T.E.B.; Naber, K.G. Urinary Tract Infections.
Antibiotics 2014, 3, 375-377.
Urinary tract infections (UTI) are among the most frequently acquired infections in the
community, but also in hospitals and other health care institutions, causing a huge amount of
antibiotic consumption. During the last decade we have seen significant changes in the field of
urinary tract infections regarding causative pathogens and antibiotic treatment calling for an update
of current trends.
The worldwide increase of uropathogens resistant to former first line antibiotics, such as
cotrimoxazole, fluoroquinolones and cephalosporins, has had detrimental consequences not only
for treatment but also for prophylaxis of infectious complications after urological interventions.
A paradigm shift concerning asymptomatic bacteriuria has had a great impact on the definition and
management of UTIs today [1–4].
For uncomplicated lower UTI, such as acute cystitis in otherwise healthy women, not only a
revival of old (oral) antibiotics, such as fosfomycin trometamol, pivmecillinam, nitrofurantoin, can
be observed in many guidelines [5–7], but even a non-antimicrobial measure has been tested in a
pilot study [8]. It will therefore be interesting to see the results of forthcoming phase III studies and
whether antibiotic therapy could at least be partially replaced. For prophylaxis of recurrent episodes
of uncomplicated UTI, non-antimicrobial measures are already preferred and antimicrobial prophylaxis
is only recommended as a last resort [7].
However, for complicated, nosocomial and severe UTI including pyelonephritis, antibiotic
therapy will still be a corner stone in combination with treatment of the underlying complicating
conditions. Unfortunately, there are few new antimicrobial drugs in the pipelines of pharmaceutical
companies with prospects to overcome the problem of multi and extended drug resistant
uropathogens [9].
Although the classical distinction between uncomplicated and complicated UTI is still valid in
principle, the different criteria to be considered are so heterogeneous, that a better (phenotypical)
subclassification might be helpful, as proposed by the European Section of Infection of Urology
(ESIU) of the European Association of Urology (EAU) [10].
In consideration of so many new aspects related to optimal management of UTI, it has been
our pleasure to edit a joint presentation of the results from different research groups in one special
scientific publication challenging established as well as new scientific approaches to improve
prophylaxis and treatment of patients suffering from UTI.
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Chapter 1
Antimicrobial Stewardship and Urinary Tract Infections
Lilian M. Abbo and Thomas M. Hooton
Abstract: Urinary tract infections are the most common bacterial infections encountered
in ambulatory and long-term care settings in the United States. Urine samples are the
largest single category of specimens received by most microbiology laboratories and many
such cultures are collected from patients who have no or questionable urinary symptoms.
Unfortunately, antimicrobials are often prescribed inappropriately in such patients.
Antimicrobial use, whether appropriate or inappropriate, is associated with the selection for
antimicrobial-resistant organisms colonizing or infecting the urinary tract. Infections caused
by antimicrobial-resistant organisms are associated with higher rates of treatment failures,
prolonged hospitalizations, increased costs and mortality. Antimicrobial stewardship consists
of avoidance of antimicrobials when appropriate and, when antimicrobials are indicated, use of
strategies to optimize the selection, dosing, route of administration, duration and timing of
antimicrobial therapy to maximize clinical cure while limiting the unintended consequences
of antimicrobial use, including toxicity and selection of resistant microorganisms. This article
reviews successful antimicrobial stewardship strategies in the diagnosis and treatment of
urinary tract infections.
Reprinted from Antibiotics. Cite as: Abbo, L.M.; Hooton, T.M. Antimicrobial Stewardship and
Urinary Tract Infections. Antibiotics 2014, 3, 174-192.

1. Introduction
Urinary tract infections (UTIs) are the most common bacterial infection encountered in
ambulatory care settings in the United States, accounting for 8.6 million visits in 2007 [1,2]. Likewise,
catheter-associated UTIs are the most common type of healthcare-associated infection reported to
the National Healthcare Safety Network (NHSN) [3] and the most commonly treated infections in
residents of long-term care facilities (LTCF) each year [4]. In a recent study by Sammon et al. [5],
10.8 million patients in the United States visited an Emergency Department (ED) for the treatment
of a UTI between 2006 and 2009. The economic burden of utilizing the ED for the treatment of
UTIs is estimated to be $2 billion US dollars annually, with mean charges being 10 times higher
for patients who were treated and released from EDs ($2000 per visit) compared with treatment in
an outpatient clinic ($200) [5].
Starting or reassessing antimicrobial prescriptions based on clinical context, symptomatology
and susceptibility data are of paramount importance in all clinical situations and particularly when
dealing with UTIs [6]. Urine samples are the largest single category of specimens received by most
microbiology laboratories, and the majority of urine cultures do not yield clinically significant
results [7]. The diagnosis of UTI is primarily based on signs and symptoms rather than isolated
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laboratory findings; importantly, bacteriuria is not a disease [8]. Thus, the collection and interpretation
of urine cultures should be based on the clinical scenario. Cultures are not recommended for most
women with acute uncomplicated cystitis because the microbiology and therapeutic approach for
these women is consistent, and short course therapy is effective. However, for individuals with
acute pyelonephritis or complicated UTI it is important to obtain a urine culture prior to empiric
therapy in order to appropriately tailor the antimicrobial regimen if necessary. In patients with
indwelling urinary catheters and residents of long term care facilities, populations with high
prevalences of bacteriuria, decisions as to whether to obtain a urine culture and treat should
be made carefully in order to avoid inappropriate antimicrobial treatment of bacteriuria that is not
associated with symptoms.
Clinicians are frequently faced with the risk-assessment decision to balance the short- and
long-term risks and benefits of prescribing an antimicrobial. The short-term risks for the individual
prescriber and patient include failure to treat a blossoming symptomatic infection with potential clinical
worsening of the patient. The long-term benefits of not prescribing antimicrobials in asymptomatic
patients, such as avoiding the emergence of antimicrobial-resistant organisms and adverse events,
including Clostridium difficile infection, are less tangible to the prescriber focused on the individual
rather than the ecological effects with impact at the population level [9].
Antimicrobial resistance is a major public health problem worldwide, caused in part by the
overuse of antimicrobials in clinical situations where they are not necessary or in prolonged
courses of therapy when shorter durations are as effective [10–12]. Antimicrobial prescribing
should be prudent, thoughtful and rational. The choice of antimicrobial agents should be individualized
based on the patient’s allergy history, local practice patterns, prevalence of resistance, availability,
cost and compliance [13]. Unfortunately, in many parts of the world fluoroquinolones are the most
commonly prescribed antimicrobials for uncomplicated UTIs even though narrower spectrum
cost-effective alternatives are available; their use should be minimized considering their adverse
ecologic effects [13]. Several studies in adults and children have demonstrated that short-term
antimicrobial courses are as effective as longer ones for the treatment of uncomplicated UTIs
and many complicated UTIs [14–16], although there still remain many questions as to the
optimal duration of treatment for many types of complicated UTIs. It is the responsibility of all
healthcare providers to practice antimicrobial stewardship and to avoid the unnecessary use of
antimicrobials [17,18].
2. Definitions
For the purpose of this review, uncomplicated UTIs include episodes of acute cystitis and
pyelonephritis occurring in healthy, non-pregnant, non-immunocompromised women with no history
suggestive of an abnormal anatomical or functional urinary tract and no signs of systemic infection.
All other UTIs are considered complicated [2]. The classification of UTIs according to the individual
host and the severity of location have therapeutic implications in antimicrobial stewardship.
International treatment guidelines recommend short-course (single-dose to 3-day regimens)
regimens for acute uncomplicated cystitis [13]. Moreover, a Cochrane review [19] of 15 studies,
including 1644 elderly women, concluded that short courses (3–6 days) are as effective as long
courses (7–14 days) for treating uncomplicated cystitis in elderly women. Short-course regimens are
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also effective tor treatment of cystitis in pregnant women, UTIs that are generally considered to
be “complicated” [20]. Moreover, short-course regimens have been found to be effective for more
complicated UTIs—thus, a 5-day course of levofloxacin 750 mg daily was found to be as effective
as longer courses of therapy for the treatment of acute pyelonephritis and complicated UTI [15].
Asymptomatic bacteriuria (ASB) is defined as the presence of bacteriuria in urine revealed
by quantitative culture in a sample taken from a patient without symptoms suggestive of lower or
upper UTI. In women, the traditional quantitative definition for ASB is 105 cfu/mL in 2 consecutive
voided urine specimens and for ASB in men a voided urine specimen with 1 bacterial species
isolated in a quantitative count of 105 cfu/mL [8]. In general, treatment of ASB is not indicated
and may be associated with adverse outcomes, including subsequent antimicrobial resistance,
C. difficile infection, adverse drug effects, and increased cost. However, ASB is associated with
complications in some populations, and should therefore be screened for and treated if present in
pregnancy and during interventions that compromise the urinary tract mucosa [21]. Despite the
fact that UTI in patients with diabetes mellitus is associated with more severe and uncommon
complications, screening for and treatment of ASB in diabetics are not recommended [22].
3. Microbiology
E. coli causes 75% to 95% of episodes of ASB, cystitis and pyelonephritis in young healthy
women, with a minority of cases caused by other Enterobacteriaceae, other Gram negative rods,
Enterococcus faecalis, Staphylococcus species and Group B streptococcus. In men and women
with “complicating factors”, the causative uropathogens are more variable.
4. Antimicrobial Stewardship Opportunities
4.1. Does the Patient Have a UTI? Are Antimicrobials Necessary?
Antimicrobial stewardship opportunities are summarized in Table 1. In general, symptomatic
UTIs should be treated with antimicrobials to alleviate symptoms and, in the case of more serious
infection, to prevent complications, whereas ASB generally does not warrant treatment. Thus, the
first question a clinician should ask when considering antimicrobial therapy is whether the patient
is symptomatic and if such signs and symptoms are likely caused by bacteriuria. To assist clinicians
in differentiating symptomatic UTIs from ASB, several reviews and consensus guidelines have
been published that provide criteria for diagnosis and management of suspected uncomplicated
UTIs and those occurring in acute and long term care facilities [2,8,23–26]. Cystitis is usually
manifested as dysuria with or without frequency, urgency, suprapubic pain or hematuria. Clinical
signs of pyelonephritis include fever (temperature >38 °C), flank pain, chills, costo-vertebral angle
tenderness, and nausea and vomiting [2]. In women, absence of vaginal symptoms in the setting
of UTI symptoms increases the likelihood that a UTI is present [23]. It may be very difficult to
determine whether symptoms are associated with bacteriuria in patients with altered sensation, such
as those with spinal cord injury and neurogenic bladder [25].
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Table 1. Opportunities for antimicrobial stewardship and urinary tract infections.
Use antimicrobials only when appropriate
x ASB should be screened for and treated only in select conditions, such as pregnancy and prior
to urologic surgery
Use the appropriate antimicrobial
x Empiric choice—for cystitis, use an agent with low risk of collateral damage
x For uncomplicated pyelonephritis and complicated UTIs, obtain pre-treatment urine culture
and de-escalate as appropriate to narrow spectrum agent
Treat for appropriate duration
x Use short-course treatment for cystitis
x Short-course regimens are appropriate for some patients with complicated UTI
Consider non-antimicrobial preventive strategies for recurrent uncomplicated cystitis *
x Behavioral modification
x D-mannose
x Cranberry
x Topical estrogens in postmenopausal women
x Probiotics
x Oral immunostimulants
x Antimicrobials as a last resort
* Most non-antimicrobial preventive strategies have either not been studied in prospective trials or have
not been shown to be effective in trials to date, but are reasonable to try or continue if the patient so
chooses and if they are considered to be safe.

Laboratory parameters aid in the diagnosis of UTI but are not helpful in isolation. Furthermore,
results of voided midstream urine cultures should be interpreted with caution. In a recent study
Hooton et al. [27] analyzed microbial species and colony counts in urine samples from 226 healthy
women (aged 18–49 years) with symptoms of cystitis. They found that the detection of E. coli
in voided midstream urine at colony counts as low as 10–102 cfu/mL was highly predictive of its
presence in the bladder (positive predictive values of 93% for growth of ≥102 cfu/mL and 99%
for ≥104 cfu/mL). On the other hand, growth of enterococcus species and Group B streptococci in
voided urine was not predictive of their growth in bladder urine and suggest that these organisms
are likely to be urethral contaminants instead. The usefulness of voided urine cultures in other
populations has not been studied.
4.2. Antimicrobial Selection
Antimicrobial resistance varies over time and by patient population in different geographic
locations. If antimicrobial therapy is indicated for UTI, it is important to determine the correct
drug, dose and duration of therapy. Sometimes, as with acute uncomplicated cystitis, the clinical
presentation is suggestive of a predominant organism (E. coli) with predictable antimicrobial
susceptibility, and narrow spectrum agents are appropriate for empiric treatment. However, in
other situations, as with complicated UTI, antimicrobial susceptibility is not as predictable or there
may be multiple causative uropathogens, and broad spectrum agents are more appropriate. The
individual risk factors, local patterns of antimicrobial resistance, presence of urinary catheters
or other “complicating factors”, recent or prolonged hospitalization and previous exposure to
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antimicrobials must be taken into consideration when one is considering the optimal empiric agent
for treatment of UTI.
Acute uncomplicated cystitis is a benign condition, with early resolution of symptoms in 25% to
42% of women with rare progression to pyelonephritis [2]. Nonetheless, it has considerable morbidity
and antimicrobials are routinely prescribed aiming for rapid symptom resolution. The Infectious
Diseases Society of America (IDSA) guidelines [13] emphasize the importance of considering
collateral damage (adverse effects of a drug, such as selection for resistance) when prescribing
antimicrobials. They recommend four agents (nitrofurantoin, trimethoprim-sulfamethoxazole,
fosfomycin, and pivmecillinam) that result in relatively little collateral damage compared with other
agents. Pivmecillinam may not be available in all countries, which limits its use. Because culture
results in these patients are fairly predictable, urine cultures are usually not recommended.
However, cultures are recommended if there is a concern about possible antimicrobial resistance
since uropathogen resistance data reflected in hospital or community antibiograms are often unreliable,
due to the nature of passive surveillance, in guiding the selection of antimicrobial therapy. The
IDSA treatment guidelines for uncomplicated cystitis do, however, suggest thresholds for the
prevalence of resistance in the community (if reliable antibiogram data are available) above which
a drug is not recommended for empiric treatment—10% for fluoroquinolones and 20% for
trimethoprim-sulfamethoxazole [2,13].
In addition, pharmacokinetic properties of the antimicrobial are important depending on the site
of infection. For the treatment of a complicated UTI, the drug should achieve high concentrations in
urine, kidney tissue and prostate. Therefore, nitrofurantoin and fosfomycin are not recommended for
upper tract infection or any complicated UTI. Fluoroquinolones have a broad spectrum of activity
and penetrate tissue well and are thus the drugs of choice for empiric treatment of uncomplicated
pyelonephritis and complicated UTIs. Drug resistance has made this class of antimicrobials less useful
than in the past, and for patients with severe infections it is recommended that parenteral agents
with more reliable activity against uropathogens be used until susceptibility data are available.
Trimethoprim-sulfamethoxazole also penetrates tissue well and is an excellent agent for the
treatment of uncomplicated pyelonephritis and complicated UTIs if the organism is known to be
susceptible, but it should not be used empirically in such patients due to the high prevalence of
resistance among uropathogens worldwide.
4.3. Streamlining Empirical Therapy
De-escalation or streamlining a broad-spectrum antimicrobial to a narrower spectrum agent
active against the causative uropathogen once susceptibility data are available is an important
antimicrobial stewardship strategy in the management of complicated infections occurring in the
hospital or LTCF. In addition, selective reporting of antimicrobial susceptibilities for uropathogens
is a strategy used in many microbiology laboratories to avoid the use of broad-spectrum agents
and guide clinicians in the selection of antimicrobials. The impact of selective reporting on the
appropriate use of antimicrobials for UTIs has been evaluated in a randomized study [6] and several
prospective surveys [28,29]. Coupat et al. [6] randomly assigned residents at 3 French universities
to an intervention group that received susceptibility reporting for only 2 to 4 antimicrobials for
case-vignettes, or to a control group that received full-length reporting for 25 antimicrobials. Selective
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reporting improved the appropriateness of antimicrobial choices by 7% to 41%, depending on the
vignette. In addition, most residents in the intervention group reported that selective reporting
facilitated their choice of antimicrobials. Selective susceptibility reporting has been associated with
a direct effect on antimicrobial prescribing by community clinicians in the United Kingdom [29].
Tailoring antimicrobial therapy based on local guidelines and culture results and selectively
reporting susceptibility for uropathogens are important stewardship practices to improve the
appropriate use of antimicrobials.
4.4. Selecting the Correct Dose and Route
Pharmacokinetic and pharmacodynamic properties should be considered when treating a UTI in
order to achieve optimal tissue levels and effectively eradicate the infection. Antimicrobials that are
characterized by concentration-dependent killing (e.g., aminoglycosides and fluoroquinolones) are
most effective when administered once daily achieving high serum or tissue peaks relative to the
minimum inhibitory concentration (MIC) of the organism. Antimicrobials that are characterized by
time-dependent killing (e.g., penicillins and cephalosporins) are most effective when the serum or
tissue concentration of the drug is maintained above the MIC for an extended period of time, rather
than by achieving high serum concentrations. This is achieved by either continuous infusion or
prolonged infusion rates of the antimicrobial. Both types of agents are effective in the treatment of
UTI, but it is important that the dose and dosing interval be determined correctly for the agent
chosen to treat the infection.
The preferred route of antimicrobial administration depends on the site of infection, antimicrobial
susceptibilities, the individual patient’s gastrointestinal absorption and the bioavailability of the
drug. Oral agents should achieve high serum and tissue concentrations for the treatment of complicated
UTIs. The parenteral route should be used for empiric therapy in severely ill patients or those with
poor absorption or oral bioavailability [30,31]. The selection of antimicrobial therapy should also
take into account the potential toxicity and necessary dosing adjustments based on the glomerular
filtration rate of the individual patient.
4.5. Treatment Duration
4.5.1. Cystitis
Recommended antimicrobial regimens and duration of therapy for acute uncomplicated
cystitis are summarized in Table 2. For the treatment of uncomplicated cystitis, short-course
regimens (single dose to 5 days) are recommended as first-line therapy and are as effective as
longer antimicrobial regimens in achieving symptomatic cure with fewer adverse effects [2].
Recommended empirical first-line treatment regimens for uncomplicated cystitis, based on the IDSA
guidelines [13], include: nitrofurantoin, trimethoprim-sulfamethoxazole (TMP-SMX), fosfomycin
trometamol and pivmecillam. Nitrofurantoin monohydrate macrocrystals 100 mg twice daily with
meals for 5 days has shown good efficacy and is well tolerated with low propensity for adverse
ecologic effects; it should only be used for the treatment of cystitis and avoided if pyelonephritis is
suspected. TMP-SMX 160 mg/800 mg twice daily for 3 days remains very effective with high cure
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rates [32,33] but is not recommended in areas with resistance prevalence >20% [34,35]; it is
inexpensive and well tolerated with fewer ecologic adverse effects than fluoroquinolones.
Fosfomycin trometamol 3 g sachet in a single dose or pivmecillinam 400 mg twice daily for 3 to
7 days are also recommended as first line agents due to their low propensity for ecologic adverse
effects even though in some studies they appear to be clinically inferior to TMP-SMX or
fluoroquinolones [13].
Table 2. Antimicrobial management of acute uncomplicated cystitis a.
Antimicrobial

Dosing and Duration

Efficacy

First-Line Agents
Nitrofurantoin

100 mg twice daily × 5 days

monohydrate/macrocrystal b

(with meals)

x Clinical efficacy of 5–7 day regimen: 93% (84%–95%)
x 3–day regimen appears less effective vs. longer regimens
x Minimal in vitro resistance
x Clinical efficacy of 3-day TMP-SMX regimen:

160/800 mg twice-daily

Trimethoprim-sulfamethoxazole c

93% (90%–100%)
x Avoid if resistance >20% or exposure in prior

× 3 days

3–6 months
x Appears to be less effective vs. TMP-SMX
Fosfomycin trometamol

3 g sachet in a single dose

or fluoroquinolones
x Minimal in vitro resistance, but most labs do not test

400 mg twice daily ×

Pivmecillinam

3–7 days

x Clinical efficacy of 3–7 day regimens: 73% (55%–82%)
x Minimal in vitro resistance
x Unavailable in some countries

Second-Line Agents
Fluoroquinolone:

250 mg twice daily × 3 days x Clinical efficacy 90% (85%–98%)

Ciprofloxacin c

250 mg or 500 mg

Levofloxacin

c

once daily × 3 days

regions of the world
x Clinical efficacy of 3–5 day regimens: 89% (79%–98%)

b

β-lactam :(e.g., amoxicillin-clavulanate,
3–7 days

cefdinir, cefaclor, and

x High prevalence of in vitro resistance in some

x Less effective thanTMP-SMX and fluoroquinolones
x Prevalence of E. coli resistance is variable

cefpodoxime-proxetil)
a

Adapted from ref. [2]. Efficacy data and antimicrobial recommendations based on IDSA guidelines [13];
b
Pregnancy category B—no clear risk to fetus based on animal and/or human studies; c Pregnancy category
C—animal studies have shown an adverse effect on the fetus; use only if potential benefit justifies the potential risk
to the fetus.

Recommended second line agents for acute uncomplicated cystitis include fluoroquinolones
(levofloxacin 250 mg or 500 mg once daily for 3 days or ciprofloxacin 250 mg twice daily for 3 days).
Due to the rising prevalence of fluoroquinolone resistance in some regions of the world and due to
their importance in treatment of a wide variety of infections, the use of fluoroquinolones should be
reserved when possible for other uses than cystitis [8,13,35]. Beta-lactams (amoxicillin-clavulanate,
cefdinir, cefaclor and cefpodoxime) for 7 days or more are also recommended as second line agents
with some studies reporting lower efficacy compared to TMP-SMX and fluoroquinolones [2].
Reducing the duration of treatment and selecting recommended agents other than fluoroquinolones
for the treatment of uncomplicated cystitis are important stewardship strategies. Given the ubiquity
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of cystitis, such stewardship strategies may ultimately have significant beneficial effects on
antimicrobial resistance and other adverse consequences of antimicrobial therapy.
Antimicrobial-sparing strategies for the management of acute uncomplicated cystitis that warrant
further study include delayed treatment [36] and the use of anti-inflammatory drugs [37].
Treatment duration for complicated cystitis has been less thoroughly studied, but in general such
infections should be treated for at least 7 days, especially in men where underlying prostatic
infection may exist. Although UTIs in older or pregnant women are often considered “complicated”,
short-course treatment has been shown to be effective in such women as mentioned earlier [20].
4.5.2. Pyelonephritis
The treatment of pyelonephritis following initial empiric therapy should be guided by
urine culture and susceptibility results. Most episodes of acute uncomplicated pyelonephritis are
treated in the outpatient setting, but patients should be hospitalized if the episode is severe, if
there is hemodynamic instability, oral medications are not tolerated, poor adherence to therapy or
any complicating factors such as diabetes, renal stones or pregnancy [2]. Empiric therapy for
pyelonephritis should have a broad-spectrum of activity and be started without delay to avoid
complications. For acute uncomplicated pyelonephritis, a fluoroquinolone is recommended as
the empiric regimen of choice when feasible [13], because it is a serious infection that may be life
threatening. Short-course regimens of oral levofloxacin 750 mg once daily for 5 days appear to be
effective for uncomplicated pyelonepritis and complicated UTI [13,15]. Recommended outpatient
oral empiric regimens are summarized in Table 3 and include: fluoroquinolones (e.g., levofloxacin
750 mg once daily for 5 days or ciprofloxacin 500 mg twice daily or 1 g extended release daily for
7 days), TMP-SMX 160 mg/800 mg twice daily for 7–14 days or beta-lactams for 10–14 days.
A parenteral broad-spectrum agent such as ceftriaxone can be used along with these regimens if
drug resistance is a concern, particularly in patients with severe infection [2,13].
Pyelonephritis in patients with “complicating” factors are at greater risk for severe
complications. The optimal treatment duration is not known, and such treatment should be tailored
to the severity of illness, the rapidity of response to treatment, and results of imaging studies if
done. Such patients should generally be treated for 10 days or longer with antimicrobials targeted to
the causative uropathogen.
In many studies the optimal duration of treatment for UTIs is defined by the absence of recurrent
UTI after an arbitrary number of days (e.g., 7, 10, 14 days). Often, the minimum duration of
treatment required for clinical cure is not known. To further reduce volume of consumption, selection
pressure and adverse ecological effects, more studies on shorter treatments in different populations
are needed [30].
4.5.3. Catheter-Associated UTIs
International guidelines for the management of catheter-associated UTIs (CA-UTIs) [25]
recommend 7 days of antimicrobials in patients with prompt resolution of symptoms or 5 days
of levofloxacin in patients who are not severely ill (assuming the organism is susceptible). Ten to
14 days of treatment are recommended for patients with a delayed response. A 3-day course of
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antimicrobial therapy could be used in women ≤65 years without upper urinary tract symptoms
after an indwelling catheter has been removed.
Table 3. Antimicrobial outpatient management of acute uncomplicated pyelonephritis a.
Antimicrobial

Dosing and Duration

Ciprofloxacin b
Levofloxacin

b

Efficacy
x Clinical efficacy of ciprofloxacin 500 mg orally

Fluoroquinolone:
500 mg orally twice-daily or 1 g extended

twice daily for 7 days: 96%

release orally once-daily × 7 days

Clinical efficacy of levofloxacin 750 mg orally or

750 mg orally once-daily × 5 days

intravenous once daily for 5 days: 86%; vs.
ciprofloxacin 400 mg intravenous or 500 mg orally
twice daily for
10 days: 81%; most subjects in both arms received
oral therapy

Trimethoprim-

160/800 mg orally twice-daily for 14 days

sulfamethoxazole b

x Inferior choice for empirical therapy due to high
rates of resistance and corresponding failure rates
x Highly effective if strain susceptible
x E. coli resistance >20% in many areas of world,
including some areas of the US
x 92% clinical efficacy if E. coli susceptible vs. 35%
if not susceptible)

Oral β-lactam

Duration 10–14 days

Specific agents are not

x Data limited, but inferior efficacy vs. TMP-SMX
and fluoroquinolones
x Oral β-lactams should be used only when other

listed in IDSA guidelines

recommended agents can’t be used
Adapted from ref. [2].
b

a

Efficacy data and antimicrobial recommendations based on IDSA guidelines [13];

Pregnancy category C—animal studies have shown an adverse effect on the fetus; use only if potential benefit

justifies the potential risk to the fetus.

4.6. Prevention Strategies
4.6.1. Recurrent Acute Uncomplicated Cystitis
Several non-antimicrobial related strategies to prevent recurrent acute uncomplicated UTIs
have been published [2]. Behavioral interventions include abstinence or reduction in frequency of
sexual intercourse which is often not very feasible. Contraceptive methods such as spermicides
and spermicide-coated condoms alter the vaginal flora and favor the colonization of uropathogens
and should be avoided. Urination soon after intercourse, drinking fluids, not routinely delaying
urination and wiping front to back have not been shown to be associated with a reduced risk of
uncomplicated cystitis in case-control studies, but might be effective in some patients and are not
unreasonable strategies to suggest for patients with recurrent cystitis. Cranberry juice, capsule or
tablets are widely used by women to prevent UTI recurrences, but they have not been convincingly
demonstrated to be effective in preventing such recurrences [38]. There are some small studies,
however, that suggest cranberry is effective and, given that this strategy appears to be benign, it is
reasonable that women continue to use cranberry if they think that it has been effective.
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Adhesion blockers such as D-mannose are increasingly being used by women to prevent cystitis,
but supportive data are sparse. In a recently published randomized study [39] of 308 women with
recurrent UTIs, investigators allocated patients into three groups: 2 grams of D-mannose powder
in 200 mL of water daily, 50 mg of daily nitrofurantoin or no treatment for 6 months. Patients in
the D-mannose group and nitrofurantoin group had a significantly lower risk of recurrent UTIs
during the study compared to patients receiving no prophylaxis (RR 0.239 and 0.335, p < 0.0001).
Of concern, the authors did not present data for the D-mannose group and the nitrofurantoin group
separately, although they mentioned that the difference between the two groups was not significant.
Interestingly, the authors noted that the time from starting prophylaxis to onset of symptoms did not
differ significantly between the groups (presumably including the no-treatment group). Patients in
the D-mannose group had a significantly lower risk of side effects compared to patients in the
nitrofurantoin group (RR 0.276, p < 0.0001). Porru et al. [40], in a recent randomized cross-over
pilot trial, evaluated the efficacy of D-mannose in the treatment and prophylaxis of recurrent UTIs
in 60 patients (mean age 42 years). Patients were randomly assigned to treatment and prophylaxis
with TMP-SMX or to a regimen of oral D-mannose 1 g every 8 h for 2 weeks followed by 1 g
twice a day for 22 weeks. Patients were crossed over to the other intervention in the second phase
of the study, with no further antimicrobial prophylaxis. Mean time to UTI recurrence was 52.7 days
with antimicrobial treatment, and 200 days with D-mannose (p < 0.0001). Of note, however, the
investigators used an unusual and unproven prophylactic regimen of TMP-SMX in the study (one week
per month), observed a highly unusual rate of UTI recurrence in the 24-week period on TMP-SMX
(91.7% of women had ≥1 recurrence compared with 20% of the D-mannose women), and the
authors do not describe how the data were analyzed for the crossover aspect of the trial. While neither
of these studies provide convincing evidence that D-mannose is effective in preventing cystitis,
further studies of D-mannose are clearly warranted to determine its pharmacokinetic properties and
clinical efficacy.
Other non-antimicrobial strategies to reduce the risk of recurrent uncomplicated cystitis include
replacement topical estrogen therapy in postmenopausal women, probiotics, oral immunostimulants
and vaccination. Replacement topical estrogen normalizes the vaginal flora in postmenopausal
women and has been shown to greatly reduce the risk of recurrent UTI in this population [41].
Probiotics are widely used to prevent recurrent UTI but the published data to date remain
unconvincing. Probiotics are touted to protect the vagina from colonization by uropathogens by
steric hindrance or blocking potential sites of attachment, production of hydrogen peroxide which
is microbicidal to E. coli and other uropathogens, maintenance of a low pH, and induction of
anti-inflammatory cytokine responses in epithelial cells. However, in a review of four randomized
controlled trials of lactobacillus probiotics for bacterial genitourinary infections in women, only
one demonstrated a significant reduction in rates of UTI recurrence [42]. Moreover, most of these
studies did not determine whether the probiotic led to vaginal colonization with the probiotic strain.
While the probiotic approach has a credible scientific basis, additional adequately designed clinical
trials need to be performed before its routine use can be recommended. Oral immunostimulants
may have a role in UTI prevention. In a systematic review and meta-analysis of four trials that
together included 891 participants, OM-89, an extract of 18 different serotypes of heat-killed
uropathogenic E. coli given orally to stimulate innate immunity, decreased the rate of UTI recurrence
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(RR 0.61, 95% CI 0.48–0.78) [43]. The agent is commercially available in some European
countries but not in the United States. Although there is great interest in developing a safe and
effective UTI vaccine, there is no currently available product on the market.
Antimicrobial prevention strategies are highly effective for prevention of recurrent
uncomplicated cystitis, but should be considered only as a last resort after non-antimicrobial
strategies have been tried or considered and the potential risks of long term antimicrobials have
been thoroughly discussed with the patient.
4.6.2. Catheter-Associated UTIs
Screening and treatment of patients with catheter-associated asymptomatic bacteriuria (CA-ASB)
are not recommended to reduce subsequent CA-bacteriuria or CA-UTI [24]. Likewise, systemic
antimicrobial treatment of ASB is not recommended to reduce the risk of symptomatic UTI in
catheterized patients. The most effective way to reduce the incidence of asymptomatic or symptomatic
bacteriuria is to reduce urinary catheterization by restricting its use to patients who clearly need
it and by removing the catheter as soon as no longer indicated [25]. Nurse- or physician-based
electronic reminders and automatic stop orders to remove unnecessary urinary catheters have been
successfully implemented in clinical practice and are recommended by the IDSA guidelines. Systemic
antimicrobial prophylaxis to prevent symptomatic infection should be avoided in patients with urinary
catheterization in order to reduce the selection pressure for multiple-drug-resistant pathogens.
4.7. Bacteriuria in Pregnancy
Symptomatic and asymptomatic bacteriuria are common during pregnancy and E. coli is the
most common etiologic agent. The incidence of ASB in pregnancy varies among different countries
and ranges between 2% and 18% [44–46]. Studies of ASB have often been of poor quality with
small sample sizes, different gestational ages, unclear definitions, differences in diagnostic techniques,
timing of urine collection and different cutoff points for significant bacteriuria [47]. In both
symptomatic and asymptomatic infection, quantitative culture is the gold standard for diagnosis.
Current guidelines recommend screening pregnant women at least once in early pregnancy with a
urine culture [22]. Treatment for ASB during pregnancy has become a standard of obstetrical care
and has been shown to reduce the rate of pyelonephritis and decrease the incidence of low birth weight.
However, studies of ASB in pregnancy were mostly done in the early antimicrobial era and the
methodological quality of the studies limits the strength of the conclusions that can be drawn [46].
Duration of therapy for ASB should be 3–7 days [22].
There are still unknown consequences of exposing neonates to antimicrobial therapy. A long-term
Danish study of 447,629 single pregnancies followed for 9.9 years found a small increased risk of
epilepsy in children whose mothers received antimicrobials (mainly for UTI), including nitrofurantoin,
during pregnancy [48]. Additionally, there is no clear consensus in the literature on the optimal
antimicrobial choice or duration of therapy for UTI during pregnancy. In light of the possible
adverse effects of antimicrobials, higher quality research is needed to better understand the direct
and indirect consequences of antimicrobial exposure early in life and prudent antimicrobial use is
extremely important during pregnancy and early childhood [47]. Studies exploring cost-effective
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diagnostic tools at the point of care and non-antimicrobial options to prevent or treat ASB and
UTIs are needed to limit unnecessary treatment of bacteriuria in pregnancy.
4.8. Long Term Care Facilities
One of the most important problems in antimicrobial stewardship in LTCFs is the inappropriate
use of antimicrobials to treat UTIs in asymptomatic residents [4,24]. Despite extensive research
demonstrating lack of benefit and potential harm for antimicrobial use in ASB [49,50], up to
50% of asymptomatic nursing home residents are prescribed broad-spectrum antimicrobials
(e.g., fluoroquinolones) for a suspected UTI [9]. In a study by Phillips et al., up to 80% of the
antimicrobials prescribed to individuals with an indwelling urinary catheter were written in the
absence of signs or symptoms of UTI but in the presence of urinalysis results [9]. The diagnosis of
UTIs in elderly LTCF residents is challenging as there is a wide range of events that can prompt
urine testing, such as changes in mental status, behaviors, color or smell of the urine with our
without dysuria, or falls [51]. Increased antimicrobial stewardship efforts are indicated to reduce
unnecessary urinary catheterization, unnecessary diagnostic testing and inappropriate prescribing
of antimicrobials for ASB in LTCFs and other institutional settings.
Some useful strategies to improve the use of antimicrobials in LCTFs have been reported [24].
Pettersson et al. [52], described an education intervention to improve antimicrobial use in a cluster
randomized trial in Swedish LTCFs including educational small group sessions with facility nurses
and physicians, guidelines adapted for the local context, written materials, and feedback on prescribing.
At the end of the 2 year intervention period, there was no difference between the intervention
and control facilities in fluoroquinolone use for UTI. There were, however, significant differences
favoring the intervention facilities in secondary outcomes, including a decrease in any antimicrobials
given for all infections and an increase in a “wait and see” approach of observation with delayed
empiric antimicrobials. Loeb et al. [53], in a cluster-randomized trial including 12 nursing homes
evaluated the impact of implementation of consensus guidelines with treatment algorithms prior to
institution of empiric antimicrobial therapy for treatment of UTIs. The intervention program included
nursing education in small group interactive sessions, video tapes and written material, outreach
visits and one-on-one physician detailing. Over the study period there was a significant decrease
in the number of antimicrobial days given for suspected UTI in the intervention compared with
control homes, but no difference between the two groups in total antimicrobial days for all
indications. The difference between intervention and control groups appeared to wane over time.
Zabarsky et al. [54] focused on education of healthcare providers about appropriate collection of
urine specimens and not to treat ASB. Direct individual feedback regarding specific cases was
given. In the six months following implementation there were significant decreases in the proportion
of inappropriate urine specimens sent for culture, episodes of treatment of ASB, and total antimicrobial
days. These reductions were maintained during the following 7 to 30 months. Another multicenter
study in LTCFs in Finland [55] developed a program where teams comprising an infectious disease
consultant, infection control nurse, and geriatrician visited 39 LTCF during 2004–2008. The site
visits consisted of a structured interview concerning patients, ongoing antimicrobials, and diagnostic
practices for UTI. Following the visits, regional guidelines for prudent use of antimicrobials in
LTCFs were published, and the use of antimicrobials was followed up by an annual questionnaire.
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The investigators found that most of the antimicrobial were used for UTI (range by year,
66.6%–81.1%). At baseline, 14.5% (177/1221) LTCF residents received antimicrobials for UTI
prophylaxis and this significantly decreased to 7.8% (90/1158) (p < 0.001) after the implementation
of the multidisciplinary intervention, without an increase in the number of patients treated for acute
UTI in LTCF.
4.9. Surgical Prophylaxis
Antimicrobials are often used to prevent specific post-operative infections. Clinical practice
guidelines for antimicrobial prophylaxis in surgery [56] from the American Society of Health-System
Pharmacists (ASHP), the Infectious Diseases Society of America (IDSA), the Surgical Infection
Society (SIS) and the Society for Healthcare Epidemiology of America (SHEA) provide
procedure-specific recommendations to avoid post-operative bacteriuria or urosepsis. The selection
of prophylactic agents should be based on the individual patient’s prior antimicrobial use, history
of UTI and risk factors for UTI. Routine screening and treatment for ASB are discouraged in
most surgical procedures as they lead to unnecessary treatment, further diagnostic testing, delays in
the procedure, development of antimicrobial resistance and adverse events such as C. difficile.
Drekonja et al. [57], retrospectively evaluated the use of antimicrobial treatment of ASB in
1688 patients undergoing non-urologic procedures at a single center; 25% of the patients were
screened by urine culture for ASB. The authors found no difference in surgical site infection rates
(20% vs. 16%; p = 0.56) but more frequent episodes of post-operative UTI (9% vs. 2%; p = 0.01)
among patients treated for bacteriuria vs. those not treated. These findings suggest no benefit from
empiric peri-operative antimicrobial therapy for ASB.
In urologic procedures such as transrectal biopsy or resection of the prostate, antimicrobial
prophylaxis and treatment of bacteriuria is recommended and proven to reduce post-procedural
urosepsis from 4.4% to 0.7% [58]. Herr [17] investigated 2010 consecutive patients with bladder
tumors who underwent cystoscopy without antimicrobial prophylaxis at a single center by the
same surgeon; 24% of the patients had documented ASB prior to the procedure. The incidence
of symptomatic post-procedure UTIs within 30 days was 4.5% in colonized patients with ASB
and 1.1% in uninfected patients (p = 0.02), all UTIs resolved within 24 h with oral antimicrobials.
These findings suggest that ASB is common in bladder cancer patients undergoing cystoscopy, but
antimicrobial prophylaxis is unnecessary because subsequent UTIs are uncommon and easily treated.
4.10. Barriers to Guideline Implementation
Clinicians have profound individual accountability, and yet adherence to guidelines at the bedside
often remains low causing omission of therapies contributing to preventable harm, suboptimal outcomes
and waste of resources [59]. The reasons for poor compliance with guidelines are multifactorial.
Several authors have proposed steps to overcome the barriers in guideline implementation, including
more transparency in the level of recommendations, prioritizing which therapies have the greatest
benefit to the patients at the lowest risks and costs, and implementation of order sets at the point
of care incorporating the recommendations from national guidelines [60,61]. Henig et al. [62],
systematically evaluated the methodological quality of eight national and international guidelines
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for the treatment of UTIs in adults published in the last 10 years (2004–2013); the authors identified
variable recommendations depending on local epidemiology and different methodological rigor
in guideline development. Some limitations to the UTI guidelines include poor descriptions of
applicability such as likely barriers and facilitators to implementation, strategies to improve update
and resource implications, lack of patient involvement in the development of recommendations
and none of the published guidelines used the GRADE methodology to interpret the evidence and
grade the recommendations [62]. Existing guidelines for the treatment of UTIs rarely address the
implementation of recommendations within antimicrobial stewardship programs.
4.11. Areas of Uncertainty
More research is needed to optimize the diagnosis, treatment and prevention strategies of UTIs.
Targeted rapid diagnostic tests that could distinguish between inflammation and infection, identify
the pathogen and its mechanisms of antimicrobial resistance are very much needed. The development
of newer antimicrobial oral agents with novel mechanisms of action against Gram-negative organisms
to treat uropathogens is also awaited. Faster diagnostics and better antimicrobials will not improve
antimicrobial prescribing practices unless global efforts continue to reinforce the importance of
prudent, thoughtful and rational use of antimicrobials.
5. Conclusions and Recommendations
The diagnosis of UTI is primarily based on signs and symptoms rather than isolated laboratory
findings. Urine cultures are often not useful for acute uncomplicated cystitis, are recommended for
patients with uncomplicated pyelonephritis and complicated UTI, and with few exceptions, should
not be collected in asymptomatic patients. Antimicrobial therapy should be tailored to each patient
taking into consideration the severity of disease, individual and local patterns of antimicrobial
resistance and the potential for collateral damage associated with antimicrobial use. Selecting the
correct drug, dose, and shortest clinically effective duration of therapy when possible, is key to optimal
antimicrobial stewardship. Strategies to prevent recurrent UTIs and catheter-associated bacteriuria
could greatly reduce the use of antimicrobials and are therefore key stewardship modalities. It is
the responsibility of all healthcare providers to practice antimicrobial stewardship and prescribe
antimicrobials prudently, thoughtfully and rationally.
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Chapter 2
Anti-Adhesion Activity of A2-type Proanthocyanidins
(a Cranberry Major Component) on Uropathogenic E. coli
and P. mirabilis Strains
Daria Nicolosi, Gianna Tempera, Carlo Genovese and Pio M. Furneri
Abstract: Urinary tract infections (UTIs) are relatively common in women and may be
classified as uncomplicated or complicated, depending upon the urinary tract anatomy and
physiology. Acute uncomplicated cystitis (AUC) occurs when urinary pathogens from the
bowel or vagina colonize the periurethral mucosa and reach the bladder. The vast majority of
episodes in healthy women involving the same bacterial strain that caused the initial infection
are thought to be reinfections. About 90% of AUC are caused by uropathogenic Escherichia
coli (UPEC), but Proteus mirabilis also plays an important role. Several studies support the
importance of cranberry (Vaccinium macrocarpon) proanthocyanidins in preventing adhesion
of P-fimbriated UPEC to uroepithelial cells. In this study, we evaluated the in vitro anti-adhesion
activity of A2-linked proanthocyanidins from cranberry on a UPEC and Proteus mirabilis
strains and their possible influence on urease activity of the latter. A significant reduction of
UPEC adhesion (up to 75%) on the HT1376 cell line was observed vs. control. For the strains
of P. mirabilis there was also a reduction of adhesion (up to 75%) compared to controls, as
well as a reduction in motility and urease activity. These results suggest that A2-type cranberry
proanthocyanidins could aid in maintaining urinary tract health.
Reprinted from Antibiotics. Cite as: Nicolosi, D.; Tempera, G.; Genovese, C.; Furneri, P.M.
Anti-Adhesion Activity of A2-type Proanthocyanidins (a Cranberry Major Component) on
Uropathogenic E. coli and P. mirabilis Strains. Antibiotics 2014, 3, 143-154.

1. Introduction
The infections of the urinary tract (UTI) are very common pathologies, both in hospitals and in
the community [1]. Community infections are defined as uncomplicated when they are limited
to only the lower urinary tract without anomalies; these mainly affect young women due to their
anatomy (short urethra with respect to men and easy colonization of the periurethral zone by
intestinal bacteria). From 25% to 50% of young women have at least one episode of UTIs in their
lives. Of these, about 27% have a relapse during the six months following the first infection, while
about 3% have two relapses during the same period [2].
The symptomatology is the same as the first infection: frequent and intense need to urinate,
burning and/or pain on urination. The urine is often cloudy, sometimes even pink due to the presence
of blood.
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Among the risk factors that predispose women to contract recurrent cystitis are frequent sexual
relations, having contracted their first UTI at less than 15 years of age and a family history of UTIs.
Some studies have also shown that when the first infection is due to E. coli, there is a greater
probability of having a relapse in the following six months than when the infection is due to other
microorganisms [3]. Numerous data suggest that an alteration of the normal vaginal microbiota, in
particular when there is a reduction of the lactobacillus population with consequent lowering of
the quantity of hydrogen peroxide produced, can be considered a predisposing factor for E. coli
colonization. Also, for this reason, post-menopausal women can develop recurrent cystitis. The risk
factors are the same as those for younger women, with the addition that the lowering of estrogens
following menopause causes notable modifications of the vaginal microbiota, in particular a loss
of lactobacilli [4]. Recurrent urinary infections have a negative impact on the quality of life of
“predisposed” women, both in psychological and economical terms. A woman with recurrent cystitis
has to have frequent urine tests, antibiotic treatment and, when prescribed, also preventive therapy.
Preventive antibiotic treatment, which should be started only after having eradicated the pre-existing
infection, is carried out, following guidelines, with trimethoprim-sulfamethoxazole, nitrofurantoin,
cefaclor or cefalexin, ciprofloxacin or norfloxacin, and fosfomycin. These antibiotics are used at
lower doses with respect to those recommended for the treatment of the full-blown infection [5].
Most clinicians recommend continuing therapy for at least six months. Even if these antibiotics
are well tolerated over the long-term, the emergence of resistant strains is always a big problem,
especially as regards the widely-used broad spectrum antibiotics such as fluoroquinolones [6]. There
are, in fact, many on-going studies trying to establish the real contribution of long-term antibiotic
therapy to the emergence of multi-resistant strains.
Uropathogenic Escherichia coli (UPEC) is the etiological agent in about 90% of community
acquired infections and more than 50% of those acquired in hospitals, including those associated
with the presence of a catheter. The uropathogenic strains of E. coli can be classified in four
phylogentic groups called A, B1, B2 and D. Principally, B2 and D cause most extra-intestinal
infections, including UTIs. These strains differ from those believed to be harmless commensals
of the intestine due to the expression of particular virulence factors that specifically enhance their
ability to cause infections of the human urinary tract. Most strains express numerous fimbriae (also
called adhesins) diffused on the cell surface, belonging principally to two groups: type 1 fimbriae,
mannose-sensitive (MS), which bind to the glycoproteins in the mannose (the virulence factors most
frequently expressed by 80% to 100% of the UPEC strains), and P fimbriae, mannose-resistant
(MR), which, instead, bind to the α-D-Gal(1,4)-β-D-Gal, a disaccharide of galactose. Adhesins are
necessary for the UPEC strains to bind to uroepithelial cells or, eventually, to catheter surfaces.
Type 1 fimbriae are those that mediate the initial phases of urinary infection in as much as they use
the property of the vesicle mucous, rich in mannose receptors. It is believed that these adhesins
are also able to recognize the extra-cellular matrix proteins (collagen, fibronectin, laminin and
Tamm-Horsifall proteins) thus distinguishing epithelia from other structures. It also appears that
these adhesins can mediate bacterial auto-aggregation and the formation of biofilm that are inducers
of the inflammatory response associated with adhesion and to the colonization of UPEC strains.
The P fimbriae, the second most common virulence factor associated with UPEC strains, are
associated with the process of invasivity, in as much as they would come into play later to guarantee

22
mannose-independent adhesion, necessary to stop bacteria being eliminated together with the
mucous in the urine.
Among the other Gram-negatives there is the species Proteus, which are not included among the
most common causes of UTIs but play an important role in catheterized patients or those having
structural anomalies of the urinary tract. Proteus has many virulence factors that include, among
others, the notable motility provided by flagella, the production of urease and adhesion to uroepithelial
cells mediated by fimbriae [7]. P. mirabilis expresses different types of fimbriae, among which
are those that are mannose-resistant [8,9]. Proteus, instead, is particularly important for its ability
to form calcium and magnesium (struvite) stones in the bladder and kidneys following hydrolysis of
urea catalyzed by urease [10], and biofilm that is particularly stabile thanks to the action of various
fimbriae [11,12].
Numerous studies have recently shown a correlation between the consumption of cranberries
(Vaccinum macrocarpon) and the possibility of preventing UTIs [13–17]. The mechanism by which
cranberries are effective in the prevention and treatment of UTIs has not yet been definitively
established, but it seems very probable that it interferes with the mechanisms of bacterial adhesion
to uroepithelial cells. If the bacteria are not able to adhere they are not able to colonize the urinary
tract. This effect is to be attributed to two components of cranberries: fructose, that blocks Type 1
fimbriae (sensitive to mannose), and the proanthocyanidins (PACs) that, instead, inhibit the P
fimbriae (mannose resistant). PACs can be of type A or B, but only those of type A (contained in
cranberries) have been associated with anti-adhesive activity against uropathogens [18].
Cranberries are commercially available as: juice, syrup, capsules and lozenges. Their preparation
can modify the composition and the contents of PACs [12]. For this reason, in this study we decided
to use pure type A2 PACs, in the quantities indicated as effective: 50 µg/mL [19] and at higher and
lower dosages ranging from 15 µg/mL to 100 µg/mL.
The aim of our study was to evaluate the inhibiting activity of type A2 proanthocyanidins on
strains of Proteus, isolated from urine, compared to the already well-known activity on uropathogenic
strains of E. coli. We also evaluated the effect of type A PACs on the motility of Proteus and on
the production of urease.
2. Results and Discussion
2.1. Adhesion Assay
The assay of adhesion carried out on the strains treated with PACs showed a reduction of up
to 75% of the adhesion index both for the UPEC strains and for the strains of P. mirabilis, with
respect to the same strains cultured without PACs. Such a large reduction was obtained only at the
concentration of 50 µg/mL. The lower concentrations had a variable efficacy in reducing adhesion
of the bacteria in the study, as well as providing discrepant results. At the concentration of
15 µg/mL, E. coli shows a decrease between 13.8% and 24.1%, while P. mirabilis presents a
high variability in its values, with percentages ranging from 3.3% up to 49.6%. With 25 µg/mL,
a decrease between 36.9% and 53.6% for E. coli and between 44.9% and 68.4% for P. mirabilis
occurs. With 50 µg/mL, values appear more consistent, with reduction percentages varying from
67.1% to 75.4% for E. coli and from 61.4% to 75.4% for P. mirabilis. With 75 µg/mL, the observed
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decrease is between 74.3% to 79.9% for E. coli and from 66.7% to 77.4% for per P. mirabilis.
At the concentration of 100 µg/mL, the reduction goes from 78% up to 84.8% for E. coli and
from 77.6% up to 81.7% for P. mirabilis. These results are shown in Figures 1 and 2 demonstrating
the constant decrease of adhesion by all the strains examined. The count of adhering bacteria was
carried out manually, both for controls (Figure 3) and treated strains (Figure 4).
Figure 1. Adhesion indexes for the strains of E. coli.
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Figure 2. Adhesion indexes for the strains of P.mirabilis. In both figures the reduction
of the adhesion indexes is clear.
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Figure 3. (a)(b) P. mirabilis adherent to a cell on a control slide.

(a)

(b)
Figure 4. (a–c) Strains of P. mirabilis adherent to cells after treatment with PACs at the
concentration of 50 µg/mL. The lower number of adherent bacteria can be clearly seen.

(a)

(b)

(c)
2.2. Scanning Electron Microscopy
From the images obtained from scanning electron microscopy, the cells are integral and the
adherent bacteria are fewer than those in the controls (Figure 5).
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Figure 5. (a,b) A cell with few adhering bacteria at the concentration of 50 µg/mL.
In the outer part, which is in contact with the environment, the cells have cilia, flagella
and microvilli; (c) In the controls the cells are also integral but with a higher number of
adherent bacteria.

(a)

(b)

(c)
2.3. Motility Test
Only for P. mirabilis 2 and P. mirabilis 4 we observed a reduction of swarming capacity with
respect to the control (Figure 6). For the other P. mirabilis strains, substantial differences in the
swarming were not observed. The cause of this different behavior is unknown at present but will be
the subject of further in-depth analysis.
Figure 6. (a,b) Reduction of swarming capacity observed for two P. mirabilis strains.
The lower size of growth halo can be seen in both right plates.

(a)
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Figure 6. Cont.

(b)
2.4. Production of Urease
The capacity to hydrolyze urea, thanks to an enzyme called urease, producing ammonia and
carbon dioxide, is considered one of the principal characteristics of the species of Proteus. This
was thus used as an identifying criterion to distinguish them from other non-fermenting bacteria
belonging to the family of the Enterobacteriaceae.
In Christensen’s medium, Proteus was able to use the urea as the only source of nitrogen, thus
producing a dose of ammonia sufficient to change the color of the medium from yellow to fuchsia.
The change of color was due to the presence of red phenol, contained in the medium, which is yellow
up to pH 6.8 and then becomes a bright red at pH 8.2.
The absorbance mean value for P. mirabilis 3 was 0.075 OD with respect to 0.203 OD of the
control. The pH mean value was 7 vs. 8.5 of the control. P. mirabilis 4 showed the same behavior,
with 0.105 as average OD (versus 0.417 of the control) and 7.5 as average pH (versus 9 of the
control) respectively. On the contrary no substantial differences were observed for the remaining
two strains examined, neither in absorbance nor in pH. The change of media color, actually, was not
evident for both strains, showing a limited urease activity. The causes for the discrepancy in the results
observed for the examined strains is still unknown and will be the subject of further analyses.
2.5. Discussion
Cranberries have been used for decades for the prevention and treatment of UTIs. Numerous
studies have been carried out supporting their efficacy in reducing the number of relapses in
women subject to recurrent infections [13–17]. It is well known that their efficacy depends on the
anti-adhesive effect of proanthocynidins that they contain on the fimbriae of the uropathogenic
strains of E. coli. In this study we wanted to demonstrate a similar effect also on the fimbriae
expressed by P. mirabilis, as well as a reduction of motility and urease activity, two other important
virulence factors.
P. mirabilis can exist in two different morphotypes: in the first it has 6/10 peritrichous flagella
that allow individual movement; in the second it has thousands of flagella that allow a particular
type of movement, defined swarming. The two different types of movement alternate during the
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growth of Proteus. When the bacterium is of the second morphotype, the cells move a lot then
undergo a temporary halt when the bacterium changes to the first morphotype. The result of this
alternation is the characteristic growth in concentric circles that can be seen on the agar dishes.
Both these types of movement are made by means of the flagella, the filaments composed principally
of a protein called flagellin. The protein FlaA is codified by the flaA gene [20] and by flhD.
It seems that the activity of this gene, over expressed during the phase of swarming, is notably
reduced by exposure to PACs [21].
Also, the urease activity is slightly inhibited. By means of hydrolysis of the urea, the bacteria
obtains a source of nitrogen but, contemporarily, this leads to the formation of crystals that can
block the catheter or damage kidneys and bladder [22,23]. For this reason, infection from Proteus
causes severe damage to tissues with respect to that from E. coli. The activity of cranberries, and of
proanthocyanidins in particular, on the species of Proteus has to date been poorly investigated [21].
From the results of this study it seems that they could also play an important role in the prevention
of infections caused by this microorganism.
3. Experimental
3.1. Bacterial Strains
For our experiments we used 5 strains of P. mirabilis and 5 of E. coli isolated from the urine of
women with a history of recurrent cystitis, a standard strain of P. mirabilis (DSM4479) and a
standard strain of E. coli (ATCC11775).
3.2. Adhesion Assay
The adhesion assay was carried out using the method of Di Martino et al. [24] slightly modified.
The HT1376 cells, from human bladder carcinoma, were grown on a sterile cover glass in 24-well
plates at 37 °C in Minimal Essential Medium (MEM) with fetal bovine serum at 10%, 2 mM of
glutamine and 100 µg/mL of streptomycin. Before infection the cells were washed with PBS to
remove any antibiotic present in the culture medium.
The bacteria were grown for 36 h at 37 °C in Luria-Bertani broth with the addition of type A
proanthocyanidins, at the most efficacious concentration of 50 µg/mL [18] and then at the
concentrations of 100, 75, 25 and 15 µg /mL. They were then centrifuged and re-suspended in MEM
at a concentration of 0.5 McFarland, which corresponds to 108 CFU/mL. Then the prepared bacterial
suspensions were placed in contact with the cells (1 mL of suspension per well) and incubated at
37 °C for 3 h. Finally they were washed three times with PBS to remove any bacteria that had not
adhered, the cells were then fixed with methanol, colored with Giemsa at 10% and observed at the
microscope. The adhesion index obtained is the average number of adhering bacteria per cell, from
an examination of 100 cells. Each test was performed in triplicate.
3.3. Scanning Electron Microscopy
Sterile cover glasses similar to those used for adhesion assay were fixed with 3% glutaraldehyde
in 0.12 M phosphate buffer solution (pH 7.2) at 4 °C for 1 h. The samples were post-fixed in 1%
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osmium tetroxide in the same buffer, dehydrated in ethanol, critical point dried and sputter coated
with a 5 nm gold layer using an Emscope SM 300. A Hitachi S-4000 field emission scanning electron
microscope was used for the observation [25].
3.4. Motility Test
To evaluate the activity of type A PACs on the motility of P. mirabilis, a drop was removed
from the 6 suspensions used for the experiment described above and inoculated in the same number
of plates containing Mueller-Hinton agar. As control, a further 6 plates were inoculated with a
suspension of bacteria grown in Luria-Bertani broth for 36 h at 37 °C without the addition of PACs.
The plates were then incubated for 24 h at 37 °C and the swarming was then observed [26].
3.5. Production of Urease
To evaluate the inhibition activity of PACs on the production of urease Christensen’s medium
was used in the liquid form, with the addition of a solution of urea at 40%. For the inoculum
we used the suspensions already prepared for the adhesion assay in which the 5 wild strains of
P. mirabilis and the collection strain were grown both in the presence and absence of PACs. A drop
of each suspension was inoculated in a test tube containing 9.5 mL of medium and 0.5 mL of urea
and incubated for 3 h at 37 °C. Obviously in all the test tubes the change in color from yellow to
fuchsia was observed. At this point the suspensions were read at the spectrophotometer at 570 nm
to show the difference between the strains used as control and those grown in contact with PACs.
The test was repeated three times. Moreover, PH of all solutions was examined through a pH
Meter [27].
4. Conclusions
This work evaluated the efficacy of type A2 PACs, contained in cranberries, in the prevention
of UTIs [28]. Our results show that, other than the well-known activity on uropathogenic strains of
E. coli, they are active also on strains of P. mirabilis, reducing the ability to adhere to the epithelial
cells of the bladder. These results indicate that PACs also partly inhibit the activity of the flagella,
resulting in reduced motility and urease production. Further studies are needed to better characterize
the latter features.
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Chapter 3
Uncomplicated Urinary Tract Infections and Antibiotic
Resistance—Epidemiological and Mechanistic Aspects
Bernd Wiedemann, Anke Heisig and Peter Heisig
Abstract: Uncomplicated urinary tract infections are typically monobacterial and are
predominantly caused by Escherichia coli. Although several effective treatment options are
available, the rates of antibiotic resistance in urinary isolates of E. coli have increased
during the last decade. Knowledge of the actual local rates of antibiotic resistant pathogens
as well as the underlying mechanisms are important factors in addition to the geographical
location and the health state of the patient for choosing the most effective antibiotic
treatment. Recommended treatment options include trimethoprim alone or in combination
with sulfamethoxazol, fluoroquinolones, β-lactams, fosfomycin-trometamol, and nitrofurantoin.
Three basic mechanisms of resistance to all antibiotics are known, i.e., target alteration,
reduced drug concentration and inactivation of the drug. These mechanisms—alone or in
combination—contribute to resistance against the different antibiotic classes. With increasing
prevalence, combinations of resistance mechanisms leading to multiple drug resistant (mdr)
pathogens are being detected and have been associated with reduced fitness under in vitro
situations. However, mdr clones among clinical isolates such as E. coli sequence type 131
(ST131) have successfully adapted in fitness and growth rate and are rapidly spreading as a
worldwide predominating clone of extraintestinal pathogenic E. coli.
Reprinted from Antibiotics. Cite as: Wiedemann, B.; Heisig, A.; Heisig, P. Uncomplicated Urinary
Tract Infections and Antibiotic Resistance—Epidemiological and Mechanistic Aspects. Antibiotics
2014, 3, 341-352.

1. Introduction
Uncomplicated urinary tract infections are among the most common infectious diseases in
the community and occur in patients without any anatomic or functional abnormality. About 50%
to 70% of all women acquire such an infection at least once during their life [1]. Data on the
prevalence and antibiotic resistance of the bacteria causing these infections are difficult to obtain,
as these infections are treated empirically without bacteriological testing. However, the knowledge
of the pathogens and their sensitivities towards the most commonly used antibiotics is essential for
a successful treatment and helps avoiding development of resistance [2].
More than 90% of uncomplicated urinary tract infections are monomicrobial [3]. They are
mainly (between 85% and 90%) caused by E. coli, to a lesser extent by other Enterobacteriaceae,
Enterococci and Staphylococci [2]. The recent ECO.SENS study [4] reports a frequency of E. coli
of 74.2% in patients from Austria, Greece, Portugal, Sweden, and UK. Similar frequencies for
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E. coli are reported by the ARESC study [5] and the findings by Dong Sup Lee et al. [6]. In
addition, these aforementioned studies report 3.4% and 2.3% P. mirabilis, 4.1% and 5.6% Enterococci,
3.5% and 4.7% K. pneumoniae, 1.1% and 2.3% Enterobacter spp., other bacteria were found with
11.2% and 7%, respectively. However, these data are derived from designed studies which have to
be interpreted with caution: First, usually no microbiological testing is performed for patients
suffering from uncomplicated urinary tract infections. Second, it is difficult to obtain reliable local
data on the incidence of resistant strains from respective patients. Third, different surveillance systems
do neither use the identical methodology to measure susceptibility nor the identical breakpoints for
classifying resistant and sensitive bacteria. Beside laboratory data on the in vitro susceptibility of
the presumptive causative agent, the application of antibiotic stewardship, which uses data not only
on the local and global epidemiological situation of antibiotic resistance, but also the potential
impact of antibiotics on the microflora of the patient, provides a rationale for choosing an appropriate
antibiotic for treatment. The aim of this review is to provide an overview of epidemiology and
mechanisms of resistance for antibiotics frequently used in the treatment of uncomplicated urinary
tract infections.
2. Therapeutic Options
Besides pharmacodynamic, pharmacokinetic, and tolerability aspects developing or already
existing resistance to the drug to be chosen for treatment is the most important motivation for
selecting an antibiotic. Furthermore, the activity of the drug against the resident bowel flora, as well
as the effect of the duration of the treatment on the probability to develop resistant bacteria may
have an important impact [1].
Considering the afore mentioned factors, therapeutic options for the treatment of uncomplicated,
community acquired urinary tract infections have been developed, based on few long experienced
antibiotics for oral application. The treatment of acute uncomplicated cystitis as recommended by
the guidelines of the European Association of Urology (EAU) [7] includes fosfomycin-tromethamol,
pivmecillinam, and nitrofurantoin as first line therapy. As an alternative therapy, fluoroquinolones,
cefpodoxime proxetil, cotrimoxazole and trimethoprim are possible options, if the local resistance
rate is less than 20%. These recommendations should be adjusted taking into account the geographical
location of the patient, age, and sex as well as other diseases. A similar restriction is valid for
β-lactam antibiotics like amoxicillin, amoxicillin/clavulanic acid and pivmecillinam, which are
used in some countries. The recommended duration of treatment takes into account the necessary time
for effectiveness and the risk of resistance development as a result of prolonged selective pressure.
Usually, the duration of treatment is three days. Fosfomycin is given even in a single dose, amoxicillin
and nitrofurantoin, however, require five to seven-day treatment [8].
3. Antibiotic Resistance—Genetic and Mechanistic Basis
The development of antibiotic resistant mutants from susceptible cells is driven by two characteristic
features of prokaryotic cells—high growth rate and a haploid genome: The rapid growth rate yields a
large population size within a short period of time and this increases the probability to yield one
mutant cell within typically 108 cells due to the fortuitous acquisition of a resistance mutation [9].
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Slow growing bacteria, like Mycobacterium tuberculosis overcome their growth deficiency by
expression of immune evasion mechanisms which ensure the undisturbed local persistence of
populations over periods of time long enough to develop resistant mutants [10].
The haploid genome structure allows for an immediate expression of a mutant genotype in
bacteria. Beside mutations, which alter existing genetic material resulting in antibiotic resistance,
another genetic strategy to acquire antibiotic resistance is the transfer of genetic material encoding
antibiotic resistance between cells of mixed bacterial populations by either transformation of naked
DNA, conjugation of plasmid DNA via cell-cell-contact, or phage-mediated transduction [11].
Either genetic alteration can result in one of three basic biochemical mechanisms of resistance: a
reduction of the affinity of the target for an antibiotic, a reduction of the concentration of the drug
at the target site, and an enzymatic inactivation of the drug. During evolution under selective
pressure, bacterial cells have developed numerous variations of these three basic mechanisms
which alone or in combination can result in clinically relevant resistance to specific or even all
known antibiotics [12]. However, the acquisition of antibiotic resistance can be associated with
a reduced fitness/virulence of the resistant cell due to an impairment of the normal function of the
affected target or to the overexpression of a specific resistance gene [13,14]. While in the presence
of the selecting antibiotic the resistant mutant has a growth advantage, in the absence of the
antibiotic, i.e., after the therapy is completed, reduced fitness can turn this into a disadvantage.
Over time, antibiotic is resistant, but less fit mutants can acquire additional genetic alterations
which enable them to compensate for the fitness reduction. Finally, the combination of resistance
and compensatory mutations can give rise to well adapted clones capable of spreading among
host populations.
4. Resistance to Sulfonamides and Trimethoprim—Epidemiology and Mechanisms
The use of sulfonamides alone or in combination with the dihydropyrimidine derivative
trimethoprim has a long history in the treatment of uncomplicated urinary tract infections. Since
these infections are often treated empirically without susceptibility testing only a few data on
resistance of the pathogen are available. Percentages of E. coli strains resistant to cotrimoxazole
vary with the geographical location of the patients: 35.9% in Korea [6], 25.4% [15], 16.1% [4], and
12.2% [16] in Europe. According to recent data from Kahlmeter et al. [4] the percentages are 15.9,
18.2, 16.7, 16.3, and 14.4 for Austria, Greece, Portugal, Sweden and UK, respectively. These
authors also described changing incidences from the first study in 1999–2000 to the second study
in 2008: Portugal showed a drop from 26.7% to 16.7% and Sweden an increase from 8.3% to 16.3%
resistant strains. Data for sulfonamides and trimethoprim alone are scarce, 24.8% and 16.7%,
respectively [6].
Sulfonamides such as sulfamethoxazol (SMX) and dihydropyrimidines such as trimethoprim
(TMP) target dihydropteroate synthetase (DHPS, the sul gene product) and dihydrofolate reductase
(DHFR, the dfr gene product), respectively. Both enzymes catalyze either of two subsequent steps
in the bacterial biosynthesis of folic acid [17]. Recent crystallographic data revealed that a conserved
binding pocket of DHPS for the natural substrate para-aminobenzoic acid (p-ABA) is formed only
in an intermediate reaction step during the catalytic cycle. The resulting covalent bond formed
between p-ABA and a pteridin cation yields 7,8-dihydropteroate [18]. In an analogous mode of
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action involving dynamic conformational changes of DHFR from a closed to an occluded state,
this enzyme catalyzes the reduction of the substrate dihydrofolate to tetrahydrofolate (THF) by
using nicotinamide adenine dinucleotide phosphate (NADPH) as a cofactor [19]. Inhibition of
either enzyme by sulfonamide or trimethoprim causes a shortage of folic acid, which is an essential
cofactor also for the biosynthesis of purine nucleotides, thymine, nucleic acids, and serine. As a
consequence DNA replication stops and this event finally causes cell death.
Resistance to SMX and TMP could easily be selected in vitro from susceptible strains of E. coli.
Resulting mutants were demonstrated to have acquired mutational alterations of the chromosomal
sul and dfr genes. Such modifications have also been identified as a cause of primary resistance
to sulfonamide in chromosomal sul genes of those species which are naturally competent pathogens
such as Streptococcus pneumoniae, Campylobacter jejuni, Neisseria meningitidis, and Neisseria
gonorrhoeae, capable of taking up from the environment foreign DNA fragments released from
dead cells, and subsequently integrating them into their chromosome. However, comparison of sul
and dfr gene sequences from isolates belonging to the above mentioned species, suggest a horizontal
transfer of antibiotic resistant gene copies and subsequent integration of resistance-determining
gene sequences from the acquired gene into homologous regions of the chromosomal copy. The
resulting sequences form so-called mosaic genes carrying a central antibiotic resistant gene fragment
of acquired DNA flanked by regions of the residing chromosomal gene copy [20].
In contrast, the most frequent mechanism of resistance in clinical isolates of E. coli and other
enterobacteria from urinary tract infections is the acquisition of resistant variants of complete sul and
dfr genes expressing enzyme variants which are refractory to the inhibitory activity of the respective
drug at clinically achievable concentrations. More than 30 resistant variants of trimethoprim resistant
dfr genes and three variants of sulfonamide resistant sul genes have been described so far [20]. Many of
these are encoded by mobile genetic elements residing on transferable plasmids in combination
with other resistance genes. As a consequence, multiple resistance genes are cotransferred en bloc.
An unusual genetic constellation has been detected in sulfonamide resistant E. coli isolates belonging
to clonal group A, which have been isolated from different US regions. All isolates carry a genomic
resistance module consisting of several resistance genes integrated in a specific chromosomal
locus [21].
5. Resistance to Fluoroquinolones—Epidemiology and Mechanisms
Resistance to fluoroquinolones in E. coli is quite high in many European countries ranging from
25% to 50% [22]. The prevalence of resistant strains, according to few surveillance data available
on uncomplicated urinary tract infections, was reported to be much lower, i.e., 28.2%, 13.9%, 3.9%,
and 1.0% according to references [4,6,15,16], respectively. However, again Kahlmeter, 2012 [4]
reports an increase from 2000 to 2008 in most countries in Austria (0% to 4.1%), in Greece (1.5% to
5.7%), in Portugal (5.8% to 7.6%), in Sweden (0% to 2.5%), and in the United Kingdom (0.5% to
0.6%). The incidence of resistant strains isolated from blood in 2008 was 22.9% in Austria, 22.4%
in Greece, 28.6% in Portugal, 10.3% in Sweden, and 15.1% in the United Kingdom according to
EARS Net. The source of infection in uncomplicated UTIs is the bowel flora of the patient or the
sexual partner. The resistance is much lower in relation to surveillance data from hospitals.
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Fluoroquinolones were first introduced into clinical use in 1985. The high clinical efficacy
of orally available fluoroquinolones norfloxacin, ofloxacin and ciprofloxacin together with the
initially very low incidence of resistance in E. coli and many other Gram-negative pathogens in
the treatment of urinary tract infections rapidly resulted in a widespread empirical use for this
application. This high efficacy is due to the high affinity and inhibitory activity of the drugs to their
target topoisomerases gyrase and topoisomerase IV which are A2B2 tetrameric enzymes sharing
high structural and functional homology. Consequences of the irreversible enzyme inhibition are the
arrest of replicative DNA metabolism and subsequent cell death due to secondary bactericidal
mechanisms such as the introduction of DNA double strand breaks following the inhibition of
DNA gyrase [23,24].
The development of clinically relevant resistance to fluoroquinolones in E. coli has been
investigated intensively and has been demonstrated to require multiple mutation steps which
involve alterations in conserved regions of both chromosomally encoded target gene pairs gyrA/parC
and gyrB/parE encoding subunits A and B of topoisomerase II/IV, respectively. These result in a
reduced affinity of the drugs to the mutated target [25]. In addition, a reduced drug concentration at
the target site had been associated with chromosomal mutations either reducing the amount of outer
membrane porin OmpF, a water-filled transmembrane channel which allows water-soluble small
molecules such as fluoroquinolones to enter the cell, or by an increased expression of multiple
drug-resistance (MDR) efflux pump AcrAB-TolC which actively exports antibiotics of different
classes out of the cell, or by a combination of both. The latter mechanism is due to genetic alterations
inactivating chromosomally encoded local (AcrR) or global negative regulators (MarR, SoxR, and
RamR) which control the expression of MDR efflux pump AcrAB-TolC. Global regulators have
been demonstrated to simultaneously control the expression of major porin OmpF via an antisense
RNA switch.
Besides these mechanisms, several non-target based mechanisms of plasmid-mediated quinolone
resistance (PMQR) have been detected during the last decade. A PMQR mechanism alone mediates
only a low-level fluoroquinolone resistance resulting in MIC increases below the breakpoint. PMQR
are subdivided into (I) mechanisms associated with reduced drug concentration at the target site
due to the expression of plasmid-encoded quinolone efflux pumps QepA or OqxAB; (II) mechanisms
protecting the target site, as has been determined for the different Qnr proteins belonging to either
of the pentapeptid repeat protein families QnrA, QnrB, QnrC, QnrD, or QnrS; and (III) a mechanism
exclusively inactivating C7-piperazinyl substituted fluoroquinolones norfloxacin and ciprofloxacin
by an acetyltransferase mechanism. This unique enzyme is derived from an aminoglycoside-modifying
acetyltransferase AAC6’(Ib) by the acquisition of two point mutations which extend the substrate
spectrum to two different antibiotic classes [26].
While mechanisms of PMQR are reported with increasing prevalence also in E. coli isolates
mediating UTI in humans and animals, their impact on clinically relevant resistance is lower compared
to mutations affecting target topoisomerases gyrase and topoisomerase IV, but in combination
PMQR contribute to an increase in the resistance level [27]. In addition, a possible role of PMQR
as pacemakers of the development of clinical resistance to fluoroquinolones is being discussed.
This view is supported by in vitro studies demonstrating an impact of qnr genes in E. coli isolates
from UTI on fluoroquinolone activity in an in vitro model [28] as well as in a mouse infection
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model [29,30]. Former use of fluoroquinolones has been identified as a relevant risk factor for the
development of clinically relevant resistance to these drugs [31].
6. Mechanisms of Resistance to β-Lactam Antibiotics—Epidemiology and Mechanisms
For uUTI treatment pivmecillinam (PIV), the prodrug of the active compound mecillinam, is
recommended as first-line drug in several countries [1]. PIV shows good clinical cure rates against
Gram-negative pathogens including E. coli expressing extended-spectrum β-lactamases (ESBL) such as
ST131 isolates encoding CTX-M14, CTX-M15 [32]. Therefore, resistance to cefotaxime or ceftazidime
can be used as a good marker for ESBL prevalence. Such data obtained from EcoSens study II revealed
increasing but still low prevalence of ESBL producing E. coli from uUTI in Europe [4]. Due to high
concentrations of β-lactam drugs in the bowel and a relatively long treatment period all β-lactams
exert a high degree of selection pressure. Prevalence of resistant E. coli strains for amoxicillin is far
above 20%, so that this drug should not be used for treatment of these infections at all. The addition
of clavulanic acid restores susceptibility for most strains. Data from Kahlmeter [4] demonstrate that
the percentage of amoxicillin/clavulanic acid-resistant E. coli strains differs from country to country:
Austria, 8.9%, Greece 4.3%, Portugal 6.9%, Sweden 2.5%, and United Kingdom 2.0%. Data from
other studies also show a varying realation of E. coli isolates from uncomplicated urinary tract
infections resistant to amoxicillin/resistant to amoxicillin plus clavulanic acid, such as 63.6%/5.5% [6],
42.4/7.5 [15], 28.0/4.5 [4], and 35.5/1.5 [16].
The predominant mechanism of resistance to β-lactam antibiotics in E. coli and most other
Gram-negatives is the production of a β-lactamase which enzymatically inactivates β-lactam antibiotics
by hydrolysis of the essential β-lactam ring. As a consequence the β-lactam will not more bind to
its targets, the cell wall synthesizing transpeptidases/transglycosylases also designated as penicillin
binding proteins (PBPs). According to the active site architecture β-lactamases either belong to the
serine protease type or to the metallo enzyme type. While the catalytic site of a serine protease is
formed by a conserved triad of amino acids aspartate, histidine and serine [33], that of a metallo
enzyme is composed of a central catalytically active Zn 2+ ion chelated by a set of four conserved
histidin and/or cystein amino acids [34]. While some enterobacterial genera encode a chromosomal
β-lactamase active against a broad spectrum of β-lactam antibiotics whose expression can be induced
by β-lactams, the clinically most relevant enzymes are plasmid-encoded extended spectrum
β-lactamases (ESBL), serine β-lactamases, which hydrolyze most β-lactams with the exception of
carbapenems, but can be inhibited by β-lactamase inhibitors such as clavulanic acid [35].
Many ESBL enzymes belonging to class A are grouped into one of three major families: TEM,
SHV and CTX-M. Within each family a high degree of DNA and amino acid sequence homology
is found. Individual family members differ from their parent enzyme mediating only broad-spectrum
activity by a few point mutations. These mutations affect regions associated either with the access
of the drug to the binding pocket containing the active-site serine or with the kinetic properties of
the enzyme resulting in an acceleration of drug inactivation. The resulting enzymes mediate
resistance to extended spectrum β-lactams which includes resistance to cefotaxime and ceftazidime
as a good marker for an ESBL phenotype [36]. Beside these “classical” ESBL enzymes, several new
derivatives of classes C and D β-lactamases have evolved which share characteristics of an ESBL
phenotype [37]. Despite of an increasing prevalence of ESBL-producing E. coli in UTI the clinical
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efficacy
of
β-lactams in the treatment of acute uncomplicated urinaryt tract infections is often less affected by
this resistance mechanism presumably due to the high drug concentrations in urine [32]. E. coli
strains belonging to the epidemiologically dominating sequence type 131 (ST131) express a multiple
drug resistance phenotype which includes sulfonamide/trimethoprime and fluoroquinolones in
addition to β-lactams due to the acquisition of a plasmid carrying a blaCTX-M-15-encoding ESBL
gene [37].
7. Resistance to Fosfomycin—Epidemiology and Mechanisms
Fosfomycin is rarely used in clinical settings, it is used only in combination with other powerful
drugs like third generation cephalosporins, carbapenems, or aminoglycosides in severe infections,
because the mutation rate to generate resistant mutants is extremely high. For uncomplicated urinary
tract infections, however, the monobasic watersoluble fosfomycin salt, fosfomycin trometamol, is
specially designed. After oral application, fosfomycin achieves a urinary concentration, which does
not allow the resistant mutants to grow. Therefore, it can be used in this indication as a single drug.
Until now, resistance rates to fosfomycin are low: 1.2% and 0.2% acording to [4] and [16],
respectively. Kahlmeter [4] found a low prevalence of fosfomycin resistance for all European
countries involved, such as Austria 0.7%, Greece 2.9%, Portugal 0.7%, Sweden 1.5%, and United
Kingdom 1.5%. A systematic review of clinical studies on the incidence of fosfomycin resistance
in clinical isolates from complicated and uncomplicated urinary tract infections shows less than 8%
resistance overall [38].
Fosfomycin is a potent inhibitor of the murA gene product, UDP-N-acetylglucosamine enoylpyruvyl
transferase, which catalyzes an essential step in the synthesis of UDP-N-acetylmuramic acid,
one essential building block for peptidoglycan synthesis. Inhibition of MurA results in an effective
stop of the biosynthesis of the bacterial cell wall. However, to inhibit the intracellular target structure
MurA, fosfomycin has to pass the cell membrane. This is achieved in E. coli by an active uptake
process involving either one of two fosfomycin influx transporters, gylcerol-3-phosphate transporter
(the glpT gene product) and hexose phosphate transporter (the uhpT gene product) [39]. Different
mechanisms of resistance to fosfomycin have been identified from in vitro studies. These mechanisms
include in E. coli a point mutation in murA changing cys-115 into asp thereby preventing the
covalent binding of fosfomycin to its target [40]. Variations at this site have been detected in species
such as M. tuberculosis, Chlamydia trachomatis, and Vibrio fisheri which are naturally less susceptible
to fosfomycin. Another mechanism involves mutations in genes uhpT and glpT which results in
reduced drug uptake [39]. However, these chromosomal mutations selected in vitro are associated
with reduced fitness. This seems to provide a plausible explanation for the observed low incidence
of such mutants in clinical isolates from urinary tract infections in comparison with the relatively
frequent isolation of resistant mutants in vitro [41]. However, recent data report the occurrence of
clinical isolates in Asia with transferable resistance to fosfomycin. The underlying mechanism is
the expression of a glutathione-S-transferase activity which inactivates fosfomycin. Several genes
encoding such activity have been identified on resistance plasmids frequently associated with a
gene encoding a CTX-M-type β-lactamase [42,43].
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8. Resistance to Nitrofurantoin—Epidemiology and Mechanisms
Nitrofurantoin is the class representative of the nitroimidazoles. After intracellular activation by
bacterial nitroreductases it shows excellent bactericidal activity against E. coli and a still good, but
lesser activity against many other enterobacterial pathogens. This advantage of an as yet extraordinarily
low incidence of resistance (<3%) is partially outcompeted by an increased risk for severe side
effects, such as toxicity for lung and liver [44].
9. Epidemiological Aspects of Multiple Drug Resistance in Urinary Tract Infections
During the last decade the isolation of ESBL-producing E. coli isolates belonging to the
O25b:H4 serotype from urinary tract infections has increasingly been reported from over the world.
Detailed molecular research revealed that these isolates predominantly belong to ST131 and the
pathotype B2. Remarkable is the high incidence of fluoroquinolone resistance due to chromosomal
mutations in both target topoisomerases [45] as well as the presence of a conjugative plasmid
typically carrying a CTX-M-type β-lactamase such as −15, −1, and −14 [46,47]. A genome analysis
of a set of ST131 isolates provided further evidence for a single clone which has spread among
patients suffering from community acquired urinary tract infections within a large UK region and has
split into a few molecular subgroups presumably due to the acquisition of resistance plasmids
mediating varying patterns of antibiotic resistance including β-lactams, trimethoprim/sulfonamide,
tetracycline, or gentamicin [48]. Besides a resistance profile the ST131 cells seem to express specific
virulence traits allowing them to successfully spread among patients not only in hospitals, but also
in nursing-homes. The detection of ST131 cells in animals varies between different studies suggesting
that animals do not play a significant role as reservoirs for human infections. Although local
epidemiological data from the Indian subcontinent are limited [49], travel to Pakistan and India is
suspected to be a potential risk factor for the acquisition of multiple drug resistant E. coli ST131 [47].
Thus, the epidemiological survey of this pandemic clone requires special attention in the future and
may have an impact on the empirical treatment of uncomplicated urinary tract infections.
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Chapter 4
Uncomplicated Urinary Tract Infections in Women in a
Sao Paulo Quaternary Care Hospital: Bacterial Spectrum
and Susceptibility Patterns
Marcelo Hisano, Homero Bruschini, Antonio Carlos Nicodemo and Miguel Srougi
Abstract: Uncomplicated urinary tract infections (UTI) in women are very common. Regular
analysis of bacterial flora is important to formulate updated guidelines. The objective of this
study is to determine and compare the microbiology of UTIs and their susceptibility patterns
in a quaternary care hospital. In a seven-year review, the urine culture results of 480 female
patients with uncomplicated UTIs were analyzed. Patients were divided into three groups
according to their diagnosis and treatment characteristics: Group 1, cystitis at outpatient basis;
group 2, cystitis at the Emergency Unit; and group 3, pyelonephritis. Group 1 included older
patients, with a higher incidence of concomitant diabetes mellitus and recurrent UTIs. E. coli
was the most common pathogen, responsible for 75.1% of cases, mainly for pyelonephritis
(87.3%). Of the oral antimicrobials tested for cystitis, amoxicillin/clavulanate and nitrofurantoin
had the highest susceptibility profiles (84.4% and 87.3%, respectively). For E. coli only, their
susceptibility profiles were as high as 90.8% and 97.4%, respectively. For pyelonephritis
treatment, fluoroquinoles had a susceptibility profile <90%, while ceftriaxone and gentamicin
had susceptibility >90%. Uncomplicated UTI treatment is becoming more challenging because
the susceptibility profiles of oral antimicrobials are increasingly resistant. In our environment,
cystitis can still be managed with nitrofurantoin. Uncomplicated pyelonephritis should be
managed with ceftriaxone or gentamicin.
Reprinted from Antibiotics. Cite as: Hisano, M.; Bruschini, H.; Nicodemo, A.C.; Srougi, M.
Uncomplicated Urinary Tract Infections in Women in a Sao Paulo Quaternary Care Hospital:
Bacterial Spectrum and Susceptibility Patterns. Antibiotics 2014, 3, 98-108.

1. Introduction
Urinary tract infections (UTI) in women are very common. The annual incidence was 10.8% in
2000, and 60% of women will have at least one episode during their lifetime [1]. Additionally, after
a first episode of urinary tract infection, 44% of the women will experience another episode within
the following year [2].
UTI can be classified as uncomplicated or complicated. Uncomplicated UTI is defined as a UTI
that occurs in a woman who has no structural or functional abnormalities, is not pregnant, and has
not been instrumented [3]. Anatomically, uncomplicated UTI can be located in the lower urinary
tract (cystitis) or in the upper urinary tract (pyelonephritis) [4–6].
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Usually, uncomplicated cystitis can be managed on an outpatient basis in a primary care health
system, while uncomplicated pyelonephritis is usually managed in a hospital setting, followed
by outpatient care. At our Institution, a quaternary care hospital located in a developing country,
uncomplicated cystitis can be managed either on an office outpatient basis or at the Urological
Emergency Unit, according to the needs of the Public Health Care System.
As uncomplicated lower UTIs are usually treated empirically, knowledge of the contemporary
flora and pattern of susceptibility is essential and mandatory. While UTI surveillance studies
from Europe and the USA are available [4,7–9], equivalent studies from developing countries are
sparse [10]. These data are important to formulate guidelines, particularly for such a prevalent disease,
as they have the potential to change clinical practice [11]. The aim of this study was to determine
the bacterial flora of uncomplicated cystitis and pyelonephritis and compare the susceptibility patterns
to identify potential treatment characteristics.
2. Experimental
Between January, 2007, and December, 2012, we retrospectively reviewed the clinical records
of 160 female patients attended at the Urological Office on an outpatient basis and 2949 female
patients treated at the Urological Emergency Unit. Of these patients, we identified and selected for
analysis those with a clinical diagnosis of uncomplicated cystitis and pyelonephritis. This review had
the approval of the Institutional Ethical Committee.
Uncomplicated cystitis was defined as involving clinical symptoms of dysuria, frequency,
urgency, and suprapubic pain, with or without hematuria. Uncomplicated pyelonephritis was defined
as clinical symptoms of flank pain, associated with nausea, vomiting, and fever (>37.8 °C), with or
without symptoms of cystitis. All patients with these symptoms had a midstream clean catch urine
culture. Urine cultures were analyzed, and a colony count of ≥103 cfu/mL was considered positive
in cases of cystitis; in the case of pyelonephritis, the threshold was ≥104 cfu/mL. Identification
of isolates and susceptibility tests were performed on VITEK ® 1 and 2 automated systems
(bioMérieux®, Marcy L'Etoile, France). The minimal inhibitory concentrations (MICs) of
antimicrobials were determined, and strains were considered susceptible, intermediately susceptible,
or resistant according to the breakpoints determined by the Clinical and Laboratory Standards
Institute—CLSI [12] at the time of the analysis. The following antimicrobials were tested: amikacin,
amoxicillin/clavulanate (A/C), ampicillin, cefepime, cefotaxime, cefoxitin, ceftazidime, ceftriaxone,
cephalothin, ciprofloxacin, gentamicin, levofloxacin, nalidixic acid, nitrofurantoin, norfloxacin,
piperacillin/tazobactam (Pip/Taz), and sulfamethoxazole/trimethoprim (SMT). For some bacteria,
such as Staphylococcus saprophyticus, Streptococcus agalactiae, coagulase-negative Staphylococcus,
Corynebacterium spp., and yeast species, susceptibility profiles were not performed because there
are no established breakpoints, according to CLSI guidelines [12].
During the review process of the record files, we were able to identify and analyze some of
these three clinical characteristics: age (<50 years-old and ≥50 years-old), history of recurrent UTI,
and presence of diabetes mellitus (DM). Recurrent UTI was defined as the presence of two or more
UTI episodes during a period of six months.
We excluded patients based on the following criteria: being under 14 years-old, having kidney
stones larger than 5 mm or any ureteral or bladder stone, having a UTI less than two months prior
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to the current episode, having recent urinary catheterization, being within the convalescence period
of urological surgery; and having a double-J stent, urinary diversion, kidney transplantation, or any
congenital urological abnormality without correction. We also excluded patients for whom urine
cultures were negative or not available, despite clinical symptoms of uncomplicated UTI.
Three groups were created: group 1—patients treated at the Urological Office as outpatients
with uncomplicated cystitis; group 2—patients treated at the Urological Emergency Unit with
uncomplicated cystitis; and group 3—patients treated at the Urological Emergency Unit with
uncomplicated pyelonephritis. We then analyzed and compared the microbiological findings of the
patients’ urine samples.
Statistical analyses of the nonparametric results were performed by a chi-squared test or
likelihood ratio test. When the samples were insufficient for chi-squared analysis, the Fisher exact
test was performed. A p value of <0.05 was considered statistically significant.
3. Results
Of the 160 patients attending the Urological Office as outpatients, 103 were included in this
study with uncomplicated cystitis. Of the 2949 patients treated at the Urological Emergency Unit,
276 were included in this study with uncomplicated cystitis and 101 with uncomplicated pyelonephritis.
Seven patients in group 1, five in group 2, and one in group 3 had two episodes of UTI. The second
positive samples from each of those patients were included in the analysis, giving a total of 110 urine
samples in group 1, 281 in group 2, and 102 in group 3. The 480 patients included in this study
provided 493 urine samples.
The mean ages (and ranges) of patients in groups 1, 2, and 3 were: 55 (18–96) years,
43.2 (15–92) years, and 36 (14–79) years, respectively. The three groups were not equivalent
regarding age, history of recurrent UTI or diabetes mellitus. Group 1 had older patients, increased
occurrence of recurrent UTI, and greater incidence of diabetes mellitus (Table 1).
Table 1. Demographic data of the three groups and of the total cohort.
Clinical data
Patients (N)
Age <50 years *
Recurrent UTI *
DM *

1
N (%)
103
38 (36.8)
83 (76.1)
25 (22.7)

Groups
2
N (%)
276
172 (62.3)
82 (36.0)
18 (8.5)

3
N (%)
101
81 (81.0)
22 (26.5)
2 (2.2)

Total
N (%)
480
291 (60.6)
187 (44.5)
45 (10.9)

p
n.a.
<0.001
<0.001
<0.001

* Some patients with missing data; n.a.—not applicable; DM—diabetes mellitus.

The microbiology of groups 1, 2, and 3 is summarized in Table 2. In all groups, monomicrobial
infection was the most common finding, varying from 92.5% to 95.1%. Escherichia coli (E. coli)
monoinfection was the most common microorganism in monoinfection UTI, varying from 71.2%
to 87.6%. Urinary infection caused by two agents (mixed infection) was identified in 7.3% of
samples in group 1, 7.5% in group 2, and 4.9% in group 3.
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Table 2. Mono and mixed infections in the three groups of patients and in the total cohort.
Urine culture
Urine Samples (%)
Monoinfection (%)
E. coli (% monoinfection)
Non-E. coli (% monoinfection)
Mixed Infection (%)
E. coli * (%)
Non-E. coli (% mixed infection)

Group 1
110 (22.3)
102 (92.7)
78 (76.5)
24 (23.5)
8 (7.3)
5 (62.5)
3 (37.5)

Group 2
281 (57.0)
260 (92.5)
185 (71.2)
75 (28.8)
21 (7.5)
13 (61.9)
8 (38.1)

Group 3
102 (20.7)
97 (95.1)
85 (87.6)
12 (12.4)
5 (4.9)
4 (80.0)
1 (20.0)

Total
493 (100.0)
459 (93.1)
348 (75.8)
111 (24.2)
34 (6.9)
22 (64.7)
12 (35.3)

* E. coli as one agent.

When we analyzed all mono and mixed infection bacterial species together (Table 3), E. coli
was still the most frequent pathogen, mainly for group 3 when compared to the other groups
(p = 0.004). There was also a significantly higher frequency of Staphylococcus saprophyticus in
group 2 (p = 0.004).
Table 3. Bacterial spectrum in the three groups of patients and in the entire cohort.
Microorganism
Escherichia coli
Klebsiella pneumoniae
Enterococcus faecalis
Proteus mirabilis
Staphylococcus saprophyticus
Streptococcus agalactiae
Other
Total

1
N (%)
83 (75.5)
7 (6.4)
11 (10.0)
3 (2.7)
3 (2.7)
2 (1.8)
8 (7.3)
117 (100)

Groups
2
N (%)
198 (70.5)
6 (2.1)
18 (6.4)
14 (5.0)
28 (10.0)
11 (3.9)
26 (9.3)
301 (100)

3
N (%)
89 (87.3)
6 (5.9)
3 (2.9)
3 (2.9)
2 (2.0)
0 (0.0)
4 (3.9)
107 (100)

Total
N (%)
370 (75.1)
19 (3.9)
32 (6.5)
20 (4.1)
33 (6.7)
13 (3.3)
38 (7.7)
493 (100)

p
0.004
0.074
0.113
0.472
0.004
0.367
0.220
n.a

n.a: not applicable.

We compared the susceptibility profile of E. coli to all other bacteria in groups 1, 2, and 3 (Table 4).
In group 1, there was a significant difference in susceptibility for A/C, cefoxitin, nitrofurantoin
and SMT. For A/C, the difference was mostly due to a decrease in the resistance profile of E. coli
compared to other bacteria. Cefoxitin and nitrofurantoin had higher susceptibility for E. coli than
for the other bacteria (96.1% × 62.5%, respectively, for cefoxitin, p = 0.001; 97.4% × 30.8%,
respectively, for nitrofurantoin, p < 0.001). For SMT, the susceptibility of E. coli was lower than
the other bacteria (56.2% and 92.3%, respectively; p = 0.013). In group 2, we found a significant
difference in the susceptibility profile between E. coli and other bacteria for A/C (90.8% × 78.3%,
respectively; p = 0.031), cefoxitin (96.5% × 70.6%, respectively; p = 0.002), cephalothin
(66.2% × 73.1%, respectively; p = 0.003), nitrofurantoin (94.5% × 23.8%, respectively; p < 0.001)
and SMT (64.1% × 85.2%, respectively; p = 0.030). In group 3, when comparing the susceptibility
profile of E. coli and all other bacteria, there were significant differences in the susceptibility
profiles for cefoxitin (96.4% × 66.7%, respectively; p = 0.043) and nitrofurantoin (95.2% × 42.9%,
respectively; p < 0.001). Between groups 1, 2, and 3, when analyzing E. coli, there was a
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susceptibility difference for amikacin (100% × 100% × 92.9%, respectively; p < 0.001); when
analyzing other bacteria, there was a susceptibility difference for ciprofloxacin (95.2% × 82.5% × 60%,
respectively; p = 0.049).
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4. Discussion
E. coli is the predominant uropathogen in uncomplicated UTI, involved in 75.1% of cases. For
pyelonephritis, E. coli is even more common than the other bacteria, with a frequency of 87.3%; some
studies have shown that E. coli is the responsible pathogen in 80% to 90% of these cases [13,14].
Although the genetic and behavioral risk factors for cystitis and pyelonephritis are similar, the
predominance of E. coli causing pyelonephritis can be attributed to its intrinsic pathogenicity and
virulence [15].
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In general, when analyzing the susceptibility profile, there is no oral treatment option with
susceptibility higher than 90%, although some authors considered a threshold of 80% for inclusion
in the Clinical Guidelines [4]. A/C and nitrofurantoin were closer to this level, and they are more
effective, especially for E. coli. For pyelonephritis treatment, ceftriaxone had a susceptibility of at
least 94%; thus, it can be selected to initiate therapy in place of fluoroquinolones.
Our quaternary care hospital has its particularities. The Urological Emergency Unit treats all types
of urological emergencies, from acute simple cases to complex urogenital trauma. Because it is not an
exclusive referenced emergency, the UTI cases assisted there usually reflect community-acquired
infections. The Urological Office takes care of more patients with comorbidities, representing more
complex cases. A similar type of UTI classification has been published by Laupland et al. [16],
analyzing ambulatory, hospital, and nursing home UTIs. They found E. coli frequencies of 74.2%,
65.5%, and 46.6% in each of these locations, respectively, as well as a difference in susceptibility
profiles between them.
In 2008, a multi-center analysis of the microbiology of uncomplicated cystitis (ARESC) [8]
showed an E. coli frequency of 76.7%, close to that found in the present study. The overall
susceptibilities to ampicillin, A/C, ciprofloxacin, nalidixic acid, and nitrofurantoin were 45.1%,
82.1%, 91.8%, 81.4%, and 95.2%, respectively. In the same study, the susceptibility profiles of
Brazilian samples for ampicillin, A/C, ciprofloxacin, nalidixic acid, and nitrofurantoin were 33.8%,
78.7%, 89.0%, 74.7%, and 84.1%, respectively. In our study considering both groups 1 and 2 together,
we found susceptibilities of 47.3%, 84.4%, 82.1%, 78.9%, and 87.3%, respectively, for the same
antimicrobials. Our results showed susceptibility profiles for these antimicrobials similar to those
found for Brazilian samples, although the period and place of analysis were different (the ARESC
study was conducted between September, 2003 and June, 2006 and involved four Brazilians centres).
When we compared E. coli to the other bacteria (mainly Klebsiella pneumonia, Enterococcus
faecalis and Proteus mirabilis) in all groups, the susceptibility profiles differed, mainly for
A/C, cefoxitin, and nitrofurantoin. These antimicrobials had higher susceptibility results when
the UTI agent was E. coli. In another study of the ARESC group [17], the susceptibility profiles
of Brazilian E. coli samples for ampicillin, A/C, ciprofloxacin, nalidixic acid, nitrofurantoin,
and SMT were 37.7%, 79.8%, 89.2%, 75.4%, 94.3%, and 54.5%, respectively. For the same
antimicrobials, our study found susceptibilities of 46.0%, 96.5%, 82.3%, 78.5%, 98.8%, and
62.5%, respectively. A similar result was found by Linhares et al. [18] for nitrofurantoin and
pivmecillinam, with the same pattern of high susceptibility for E. coli but low for non-E. coli,
although they analyzed male and female patients. Nitrofurantoin is known to have no activity
against Proteus spp. and Pseudomonas aeruginosa [19]; this information is in line with our results
because P. mirabilis was analyzed as a non-E. coli agent. Interestingly, although SMT had a low
susceptibility profile for E. coli (56.2%, 64.1%, and 64.7% for groups 1, 2, and 3, respectively),
it had a higher susceptibility profile to non-E. coli agents, reaching 92.3%, 85.2%, and 100%
susceptibility in groups 1, 2, and 3, respectively (p < 0.05 for groups 1 and 2 only). These findings
may indicate that SMT cannot be considered for E. coli treatment but can be used for non-E. coli
bacteria, although others studies did not find similar results [17,18].
Our study has some limitations. The retrospective nature of this analysis has an intrinsic bias.
As we retrospectively analyzed six years of uncomplicated UTI, some changes in MIC occurred
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during these years according to CLSI. We are aware of this fact, but as we considered final
outcomes of the test (Susceptible, Intermediately Susceptible, and Resistant) to treat the patients at
that moment successfully, we considered it clinically relevant; other groups had already utilized this
classification for the results of susceptibility tests [10,16,18]. Another limitation is the fact that
susceptibility profiles were not performed for some bacteria.
The three groups were not statistically similar; group 1 had older patients with higher incidences
of diabetes mellitus and recurrent UTI than groups 2 and 3. This difference adds another source
of bias to this study, however, as already mentioned, this difference was due to our local health care
organization. Additionally, confirming our perception, this group division resembled a comparison
between uncomplicated UTIs from a quaternary care hospital (group 1) and community-acquired
uncomplicated UTIs (groups 2 and 3).
The 2013 European Guideline on urological infections [5] outlines the antimicrobials of choice
for the treatment of uncomplicated cystitis: fosfomycin trometamol, pivmecillinam and nitrofurantoin.
Our study did not test fosfomycin trometamol or pivmecillinam; the latter is not available in our
country. Fosfomycin trometamol is not routinely tested at our hospital because, at the time of urine
culture analysis, there were no established MIC breakpoints for some bacteria and antimicrobials
according to CLSI guidelines [12]. Additionally, due to the retrospective nature of this study, we
were unable to perform retests. Nitrofurantoin had a general susceptibility profile close to 90%, but
for E. coli, it was at least 94.5%. In our environment, A/C and ciprofloxacin had susceptibilities of
84.4% and 82.1%, respectively; both were at the lower limit for inclusion as first options for
cystitis treatment. Although some European countries reported similar susceptibility profiles, these
antibiotics are recommended by their national guidelines [20].
For uncomplicated pyelonephritis, the Infectious Disease Society of America Guidelines [4] and
the 2013 European Guideline [5] recommend fluoroquinolones as alternative therapeutic agents.
Our study showed a susceptibility profile lower than 90% for these antimicrobials, making them
unsuitable for our environment because the susceptibility threshold to be considered as a first line
therapy should be higher than 90% [4,6]. The alternatives for empirical antimicrobial therapy are
ceftriaxone, with a susceptibility of 100%, or gentamicin, with a susceptibility of 98.0%. Although
nitrofurantoin had an acceptable susceptibility profile for pyelonephritis treatment, mainly for
E. coli, due to its rapid renal excretion and insufficient therapeutic blood level, it is not indicated to
treat pyelonephritis [21].
5. Conclusions
Uncomplicated UTI treatment is becoming more difficult to manage because the susceptibility
profiles of current oral antimicrobials are becoming more resistant. For simple cystitis, nitrofurantoin
is at the lower limit of acceptable susceptibility to continue to be an antimicrobial of choice, but it
is still very active for E. coli, as well as A/C. For pyelonephritis, fluoroquinolones are not suitable
as a first line therapy and should be replaced by ceftriaxone or gentamicin. Judicious use of
antimicrobials, adhesion to guidelines, and new drug alternatives should be considered as strategies
to avoid increasing resistance.
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Chapter 5
Adult and Pediatric Intra-Institutional Trends of
Ciprofloxacin Susceptibility in E. coli Positive
Urinary Cultures
Winifred Owumi, Niaz Banaei and Linda D. Shortliffe
Abstract: Antimicrobial drug resistance in treatment of urinary tract infection (UTI)
continues to rise worldwide. To examine contributions of physician prescribing patterns to
fluoroquinolone (ciprofloxacin, CP) resistance, we examined Escherichia coli (E. coli) resistance
patterns in urinary cultures. Since CP usage is limited in children, we compared CP resistance
trends in adults and children to those of more commonly used trimethoprim-sulfamethoxazole
(TMP-SMX) and nitrofurantoin (NF). Our data show that although the general pediatric
population has lower resistance to ciprofloxacin, resistance levels are rising with increased
usage. While NF susceptibility is historically stable, TMP-SMX resistance is slightly higher
in children compared to adults. In both adults and children, antimicrobial resistance patterns
vary according to clinical practice site, with ambulatory urology patients showing the
highest resistance. This suggests that physician’s prescribing patterns contribute to
antimicrobial resistance.
Reprinted from Antibiotics. Cite as: Owumi, W.; Banaei, N.; Shortliffe, L.D. Adult and Pediatric
Intra-Institutional Trends of Ciprofloxacin Susceptibility in E. coli Positive Urinary Cultures.
Antibiotics 2014, 3, 163-173.

1. Introduction
Antimicrobial drug resistance is a major concern in medicine. Urinary tract infections (UTIs) are
common in both adults and children and are usually treated empirically. As a result, antimicrobial
susceptibility is important for guiding therapy selection. Since susceptibility trends vary among
countries, hospitals, clinical practice sites (ambulatory versus hospital), and patient groups (adult
versus child), understanding these trends is important to infection management. While microbial
resistance may be innate or acquired from spontaneous or induced mutation, contributions of physician
usage patterns on selective pressures are unclear. To better understand this association, we investigated
patterns of urinary Escherichia coli (E. coli) antimicrobial susceptibility within the same institution
in different medical specialty practice sites, with the assumption that these sites reflect elements
of physician specialists’ usage patterns. Since ciprofloxacin (CP) usage is limited in children, we
compared CP resistance in adults and children to two other commonly used antimicrobial agents:
trimethoprim-sulfamethoxazole (TMP-SMX) and nitrofurantoin (NF).
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2. Results
2.1. Urinary Cultures
A total of 156,730 urinary cultures were examined. Of these, 38,890 (24.8%) were pediatric
cultures (annual average of 3889 ± 230 [SD, Standard deviation]) and 117,840 (75.2%) were
adult (annually 11,784 ± 1752). Of these, 7414 cultures (19.1%) were positive for E. coli from
the pediatric hospital and 26,582 from adult cultures (22.6%). The majority of these were from
females: 5979 (80.2 ± 3.8%) from girls, and 22,950 (86.7 ± 1.6%) from adult females (Table 1).
Most urinary specimens positive for E. coli were from the ambulatory outpatient clinic and distributed
as shown (Table 2).
Table 1. Patient demographics (N = number).
Group
Pediatric N
Total positive urine culture
38,890
E. coli positive
7414
Females
5979
Males
1416
Unknown gender
19

%
24.8
19.1
80.2
19.8
0.2

Adult N
117,840
26,582
22,950
3433
199

%
75.2
22.6
86.7
13.3
0.8

Table 2. E. coli positive urinary cultures by clinical site (N = number, OPT = outpatient,
INPT = inpatient, ED = emergency department, Gen Peds = general pediatrics, Gen
Med = general medicine, OB = obstetrics, GYN = gynecology, URO = urology).
Group
All Treatment Sites
OPT
INPT
ED
Gen Peds/Gen Med
OB/GYN
URO

Pediatric N
7414
6245
639
1719
1267
698
283

%
19.1
84.2
8.6
23.2
17.1
9.4
3.8

Adult N
26,582
22,868
3709
5444
12,616
917
1703

%
22.6
86
14
20.5
47.5
3.4
6.4

2.2. Distribution of Antibiotics Susceptibilities
Urinary E. coli was more likely to be susceptible to ciprofloxacin (CP) in children compared
to adults (p < 0.002). Both child and adult sites showed decreasing susceptibilities from 100%
susceptibility in 2002 to 90% in 2011 in children, as compared to 74% in adults (Figure 1).
Outpatient (OPT) urine cultures had higher susceptibility to CP than inpatient specimen in both
children and adults, with a larger difference in adults (Figure 2). Susceptibility also varied among
ambulatory sites, with the lowest susceptibilities in the Urology clinic specimens (73% in children)
as compared to other sites that remained between 88 and 95%. Adult urology ambulatory specimens
showed a drop in susceptibility to 55% by 2011 (Tables 3 and 4 and Figure 3a). Similarly by 2011
inpatient hospital specimens were only 60% susceptible to ciprofloxacin (Table 4 and Figure 3b).
All p-values were <0.02.
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Figure 1. Adult and pediatric ciprofloxacin susceptibility trends for E. coli positive
urinary cultures.

Figure 2. Outpatient and inpatient adult and pediatric ciprofloxacin susceptibility
trends for E. coli positive urinary cultures (OPT = outpatient, INPT = inpatient).

Trimethoprim-sulfamethoxazole (TMP-SMX) susceptibility is lower in children than adults.
While TMP-SMX susceptibility declined during the study period, the rate of decrease was lower
than for CP. Again, susceptibility varied with clinical treatment site and lowest susceptibility occurred
in pediatric and adult urology ambulatory sites (Figure 4a,b, p < 0.02). E. coli NF susceptibility for
both children and adult specimens was, meanwhile, relatively stable varying from 93%–100%
between 2002 and 2011 without significant difference between adults and children nor among
treatment sites. Comparison of these three commonly used antibiotics within ambulatory urology
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demonstrated three patterns of E. coli susceptibility: (a) no differences in NF susceptibility between
children and adults; (b) lower TMP-SMX susceptibilities in children than adults; and (c) higher CP
susceptibility in children than adults Figures 2–5).
Table 3. Ciprofloxacin susceptibilities of pediatric E. coli positive urinary cultures
by site (N = number, OPT = outpatient, INPT = inpatient, ED = emergency department,
Gen Peds = general pediatrics, OB = obstetrics, URO = urology).
All E. coli

All Sites

OPT

INPT

ED

Gen Peds

OB N

URO N

Cultures N

N (%)

N (%)

N (%)

N (%)

N (%)

(%)

(%)

2002

528

490 (100)

N/A

N/A

93 (100)

N/A

N/A

N/A

2003

577

519 (97)

N/A

N/A

109 (100)

N/A

N/A

N/A

2004

1074

861 (95.5)

N/A

N/A

113 (99.1)

N/A

N/A

N/A

2005

1144

968 (93.5)

876 (93.4)

90 (95.7)

114 (95)

499 (95.6)

94 (94)

20 (69)

2006

680

584 (92)

526 (92.4)

58 (87.9)

132 (95.7)

146 (94.2)

94 (94.9)

29 (85.3)

2007

632

520 (89.2)

448 (89.4)

72 (87.8)

141 (97.2)

112 (94.9)

88 (89.8)

32 (84.2)

2008

631

518 (90.9)

464 (91.9)

54 (83.1)

162 (93.1)

103 (95.4)

93 (95.9)

18 (81.8)

2009

749

623 (92)

563 (93.1)

60 (83.3)

255 (96.2)

85 (95.5)

78 (95.1)

29 (87.9)

2010

731

571 (90.2)

510 (90.9)

61 (84.7)

224 (98.2)

74 (100)

93 (96.9)

29 (76.3)

2011

668

554 (90.4)

468 (90.7)

87 (88.8)

189 (95.5)

94 (93.1)

80 (95.2)

27 (73)

Total

7414

6208

5718

489

1532

1482

620

198

Mean

741

621 (93)

572 (93)

61 (87)

153 (97)

185 (96)

89 (95)

20 (80)

SD

205

162 (3)

158 (3)

26 (4)

54 (2)

159 (2)

7 (2)

11 (7)

Year

Table 4. Ciprofloxacin susceptibilities of adult E. coli positive urinary cultures by
site (N = number, OPT = outpatient, INPT = inpatient, ED = emergency department,
Gen Med = general medicine, GYN = gynecology, URO = urology).
Year

All E. coli

All Sites

OPT

INPT

EDN

Gen Med

GYN

URO

Cultures N

N (%)

N (%)

N (%)

(%)

N (%)

N (%)

N (%)

2002

1557

1306 (100)

1083 (100)

223 (100)

268 (100)

470 (100)

70 (100)

123 (100)

2003

1538

1233 (89.2)

1061 (90.3)

168 (82.8)

333 (88.8)

501 (96.7)

44 (89.8)

101 (77.7)

2004

3484

2683 (88.2)

2500 (89.2)

183 (76.3)

344 (88.4)

1953 (91.8)

30 (83.3)

104 (68.9)

2005

4456

3518 (86.4)

3270 (87.7)

248 (72.1)

338 (81.3)

2700 (90.4)

50 (87.7)

97 (68.3)

2006

2425

1817 (81)

1599 (83.1)

218 (68.3)

376 (78.7)

949 (89.6)

48 (85.7)

96 (64.9)

2007

2298

1589 (74.5)

1345 (78.3)

244 (58.7)

367 (77.1)

722 (87.8)

62 (80.5)

98 (58.7)

2008

2540

1816 (76.9)

1571 (79.1)

245 (65.5)

454 (77.5)

825 (88)

67 (73.6)

89 (55.3)

2009

2702

1852 (74.1)

1631 (77.1)

221 (57.7)

470 (68.5)

841 (90.3)

79 (77.5)

96 (61.5)

2010

2425

1847 (74.3)

1621 (76.1)

226 (63.5)

466 (74.1)

789 (85.2)

116 (88.5)

71 (47)

2011

2857

1955 (74)

1712 (76.6)

239 (59.5)

499 (72.1)

770 (85.9)

141 (87.6

92 (55.4)

Total

26582

19616

17396

2216

3715

10520

707

967

Mean

2658

1962 (82)

1740 (84)

222 (70)

392 (81)

1052 (91)

71 (85)

97 (66)

SD

858

676 (9)

670 (8)

27 (13)

76 (9)

710 (5)

34 (7)

13 (15)
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Figure 3. (a) Outpatient pediatric ciprofloxacin susceptibility trends for E. coli
positive urinary cultures (ED = emergency department, All Gen Peds clinics = general
pediatrics clinics, OB = Obstetrics clinics/Labor and delivery, URO = urology clinics);
(b) Outpatient adult ciprofloxacin susceptibility trends for E. coli positive urinary
cultures (Students’ health = undergraduate and graduate students’ clinic, ED = emergency
department, All med clinics = general medicine clinics, GYN = gynecology clinics,
URO = urology clinics).

(a)

(b)
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Figure 4. (a) Outpatient pediatric TMP-SMX susceptibility trends for E. coli
positive urinary cultures (ED = emergency department, All Gen Peds clinics = general
pediatrics clinics, OB=obstetrics clinics/Labor and delivery, URO=urology clinics);
(b) Outpatient adult TMP-SMX susceptibility trends for E. coli positive urinary cultures
(Students’ health = undergraduate and graduate students’ clinic, ED = emergency
department, All med clinics = general medicine clinics, GYN = gynecology clinics,
URO = urology clinics).

(a)

(b)
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Figure 5. (a) Pediatric urology clinic susceptibility trends for three commonly
prescribed antimicrobial agents for E. coli positive urinary cultures (NF = nitrofurantoin,
CP = ciprofloxacin, TMP-SMX = trimethoprim-sulfamethoxazole); (b) Adult urology
clinic susceptibility trends for three commonly prescribed antimicrobial agents for
E. coli positive urinary cultures (NF = nitrofurantoin, CP = ciprofloxacin, TMP-SMX
= trimethoprim-sulfamethoxazole).

(a)

(b)
3. Discussion
Simultaneous to development of powerful and less toxic antimicrobial agents, infecting
organisms are developing more resistance to antimicrobial agents. This has been a trend that has
been reported over the last 20 years, as widespread usage of antimicrobial agents is believed to
create selection pressure for more resistant organisms [1]. Case-control studies comparing children
with and without TMP-SMX resistant organisms have shown that children who had antimicrobials
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agents for greater than four weeks in the previous six months were 23 times more likely to have
resistance compared with those without resistance; children with genitourinary abnormalities were
2.4 times more likely to have resistance; and children with previous hospital admissions 2.3 times
more likely [2] In other cases, specific clones of multidrug-resistant E. coli have been shown to
behave with “epidemic outbreak” characteristics. The sources of these clonal epidemic-like outbreaks
are unclear; some evidence implicates food and/or contact with food sources that had antimicrobial
agent contact [3]. While international, national, regional, local, or hospital-wide antibiograms reflecting
organism resistance attract attention [4,5], there is limited research on organism resistance and
susceptibility diversity by practice site within institutions.
In this study we document that: (1) E. coli antimicrobial susceptibility differs widely between
adults and children; (2) further variation occurs by practice site within a single medical center; and
(3) differing drug trends in susceptibilities may occur. We hypothesize that these practice site
susceptibility differences reflect the differing antimicrobial practice patterns of specialists and their
specialty practice patterns. These antimicrobial drug trends may show: (a) differing susceptibilities
between adults and children; (b) similar decreasing antimicrobial drug susceptibilities for both
adults and children; and (c) persistently low susceptibilities for both. Our findings suggest that
antimicrobial susceptibility and resistance patterns are affected by specialty practice patterns.
This study shows that pediatric and adult E. coli UTI susceptibility trends differ for three commonly
used antimicrobial agents. With limited usage in children overall CP susceptibilities (69%–88%) are
high in children except for the lower levels in ambulatory urology with higher usage; in contrast
results show lower susceptibility in adults with lowest levels in adult ambulatory urology. A decreasing
susceptibility rate for E. coli in urology practices has been noted by others in Japan [6]. The
widespread usage of TMP-SMX in children for otitis media in addition to UTI is reflected in overall
E. coli susceptibilities of 39%–62% while adult susceptibilities range from 61%–71%. The stable
higher E. coli susceptibilities of NF for both adults (>92%) and children (>95%) for the study
periods most likely reflect relatively limited usage of NF for lower urinary tract infections and
prophylaxis as reported by others [7]. By combining data from multiple institutional and internal
practice sites, others have not revealed the range of E. coli susceptibilities within a single site nor
the differences between children and adults [8]. Our data show that using individual hospital or
institutional antibiograms to guide empiric antimicrobial treatment of a UTI in child or adult,
moreover, may be misleading (Figures 1 and 2 and Tables 3 and 4).
These data and conclusions are limited by several considerations. First, prior to 2005 the sources
of our pediatric specimens were not separated by outpatient and inpatient locations, so data trends are
from 2005 forward, and second, CP patterns were not recorded in 2002 for technical reasons.
Because data were de-identified, we could not eliminate repeat specimen data for patients. While
multiple specimens from individuals could decrease or increase our susceptibility calculations, we
believe that the large number of specimens involved reflect valid trends. Our usage of threshold
of 10,000 CFU/ml as a positive culture may have excluded some urinary specimens with fewer
resistant organisms, and this could overestimate our susceptibility reports. Finally, these studies
compare data from an institution that offers primary medical care to the surrounding community in
addition to regional and national tertiary care, thus these data may be unique based upon this
patient population.
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4. Experimental
After Stanford University Medical Center Institutional Review Board approval was obtained
for this study, we performed a retrospective review of all urine cultures submitted to Stanford
University Medical Center (SUMC) Microbiology Laboratory from 2002 to 2011. Cultures were
from Stanford University Hospitals and Clinics (SUH) reflecting specimens obtained primarily
from adults, and from Lucile Packard Children’s Hospital and Clinics (LPCH) from children and
adult women seen in obstetrics clinic (OB) or admitted to labor and delivery (L&D). Data included
inpatient (INPT) and outpatient (OPT) urinary specimens obtained by all collection methods;
repeat specimens per individual could not be excluded because data were de-identified. Microbiological
data were obtained from two sources: (1) the SUMC clinical microbiology laboratory electronic
database that contains urinary culture and susceptibility reports and annual hospital-wide antimicrobial
susceptibility data; and (2) the STRIDE database (Stanford Translational Research Integrated
Database Environment that compiles annual urinary culture specimen numbers, including positive
and negative results. This is an NIH (National Institutes of Health) sponsored program that compiles
clinical data for research use from SUMC. From the annual microbiology laboratory reports,
hospital-wide trends were compiled for both the adult and pediatric hospitals (“antibiograms”). These
antibiogram reports include cultures and susceptibilities from any type of culture (example, urine,
blood, tracheal aspirates, etc.) processed at the SUMC laboratory.
STRIDE total urine cultures data were screened for selection using UTI diagnosis based on the
following ICD-9 codes: 599.0 (UTI site not specified), 595 (cystitis), 590.1 (Acute pyelonephritis),
590.8 (Pyelonephritis unspecified). These data were segregated between the adult and pediatric
hospitals by using an age cutoff of 18 years and below for pediatric patient data. This method
generated total numbers of urinary cultures sent for populations. Antibiotic urinary susceptibility
data was retrieved from the microbiology laboratory database that stores data for adult and pediatric
hospitals separately. All SUMC clinical microbiology laboratory electronic urinary culture data
were first parsed for overall antimicrobial susceptibility trends, then separated between INPT and
OPT. The OPT clinical site data were further subdivided to various ambulatory clinics. For the
adult hospital the OPT sites included the ED (emergency department), Gen Med (all internal
medicine clinics including Stanford family medicine, Stanford medical group, Stanford family
medicine, off-site community practice medical clinics using the Stanford laboratory), GYN
(Gynecology) and URO (Urology). The pediatric OPT sites included the ED, Gen Peds (General
pediatric clinics, including onsite and offsite community practice groups), OB (Obstetrics/Labor
and delivery) and URO (Urology). Of note, except for the ED, prior to 2005, the pediatric hospital
data entry did not code separately for outpatient specialty clinic sites.
Urinary specimens with E. coli were considered positive at a threshold of 10,000 cfu/mL
(colony forming units per milliliter) in purity or predominance. This threshold was chosen because
antimicrobial susceptibilities are routinely reported for 10,000 CFU/mL and we were examining
E. coli susceptibilities in urinary cultures not urinary tract infection rates. Antimicrobial susceptibilities
were performed using a Vitek2 microbial identification system (bioMérerieux Inc., Durham, NC,
USA) and MICs were interpreted according to the Clinical and Laboratory Standard Institute
M100 document.
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Statistical Analysis
We calculated the percentage annual urinary culture susceptibility as the numbers of specimens
sensitive to the specific antibiotic divided by the annual E. coli positive cultures (CP, TMP-SMX
and NF). The figures obtained were plotted annually to obtain the annual trend corresponding to the
various clinical sites evaluated. Independent (unpaired) two-tailed Student’s t-test (p-value) were
calculated for comparison of adult versus pediatric sites susceptibility to assess the statistical
significance of differences seen among clinical sites in adults and children.
5. Conclusions
We report that antimicrobial susceptibilities for E. coli urinary cultures from a single institution
may differ significantly between adults and children for three commonly used agents. Differences
may occur, furthermore, among various practice sites within a single hospital site. We suggest
that these differences in susceptibility reflect distinct specialty clinical prescribing practices. As a
result of these variations, reliance upon any single regional or local antibiograms within large
practice medical centers could be misleading.
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Chapter 6
Antibiotic Prescribing in Primary Care and Antimicrobial
Resistance in Patients Admitted to Hospital with Urinary
Tract Infection: A Controlled Observational Pilot Study
Ceire Costelloe, O. Martin Williams, Alan A. Montgomery, Colin Dayan
and Alastair D. Hay
Abstract: There is growing evidence that primary care prescribed antibiotics lead to
antibiotic resistance in bacteria causing minor infections or being carried by asymptomatic
adults, but little research to date has investigated links between primary care prescribed
antibiotics and resistance among more serious infections requiring hospital care. Knowledge
of these effects is likely to have a major influence on public expectations for, and primary
care use of, antibiotics. This study aimed to assess the feasibility of recruiting symptomatic
adult patients admitted to hospital with urinary infections and to link primary and secondary
data information to investigate the relationship between primary care prescribed antibiotics
and antimicrobial resistance in these patients. A microbiology database search of in patients
who had submitted a urine sample identified 740 patients who were potentially eligible to take
part in the study. Of these, 262 patients did not meet the eligibility criteria, mainly due to use
of a urinary catheter (40%). Two-hundred and forty three patients could not be recruited as
the nurse was unable to visit the patients prior to discharge, as they were too unwell. Eighty
patients provided complete information. Results indicate that there is evidence that prior
antibiotic use is associated with resistant infections in hospital patients. A fully powered
study, conducted using routinely collected data is proposed to fully clarify the precision of
the association.
Reprinted from Antibiotics. Cite as: Costelloe, C.; Williams, O.M.; Montgomery, A.A.; Dayan, C.;
Hay, A.D. Antibiotic Prescribing in Primary Care and Antimicrobial Resistance in Patients
Admitted to Hospital with Urinary Tract Infection: A Controlled Observational Pilot Study.
Antibiotics 2014, 3, 29-38.

1. Introduction
Resistance to antibiotics is a major threat to public health, and in the European Union, about
25,000 patients die in hospital each year from infections caused by selected multidrug-resistant
bacteria and the associated costs are estimated at about 1.5 billion Euros per year [1]. Of significant
concern, is the rate at which bacteria are becoming resistant, which is outstripping the rate at which
new antibiotics are being developed [2]. General Practitioners (GPs) are responsible for 80% of all
antibiotics prescribed to humans [3]. Patient expectations for antibiotics are a powerful determinant
of prescribing [4] and for some GPs and patients, antibiotic resistance is seen only as a theoretical [4] or
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minimal [5] risk. The relationship between primary care antibiotic prescribing and resistance is
complex and incompletely understood. Previous studies have established the relationship between
the use of antibiotics in primary care and the asymptomatic carriage of resistant bacteria in
adults [6–8] and children [9]. A more recent systematic review [10] found 18 studies showing
consistent, temporal relationships between prescribing and resistance in bacteria causing relatively
minor infections and in asymptomatic subjects. These studies contribute important observations to
the existing literature that improve our understanding of how antibiotic resistance develops [11],
they may or may not be sufficient to persuade clinicians [12] or patients [13] of the value of judicious
antibiotic use in relation to reducing antibiotic resistance among patients with symptomatic infections,
especially those requiring secondary care treatment.
Therefore, this paper reports a pilot and feasibility study, which aimed to investigate the relationship
between primary care prescribed antibiotics and antimicrobial resistance, among symptomatic adult
patients admitted to hospital with infection. Knowledge of these effects, and their associated
economic impact, is likely to have a major influence on public expectations for, and primary care use
of, antibiotics.
The recently published European Strategic Action Plan on Antimicrobial Resistance called for
research using links between primary and secondary care to reduce morbidity and mortality associated
with antimicrobial resistance, to promote prudent use of antibiotics and to raise awareness of the
emergence and spread of antimicrobial resistance across all healthcare settings [14]. The study
aimed to use routinely collected data stored within the patient primary and secondary care record,
and a key component of the study was to examine the feasibility of linking this information at the
individual patient level. Specifically our objectives were to: determine optimal recruitment, consent
and data collection methods; describe the prevalence of antimicrobial susceptibility/resistance
among isolated Escherichia coli (E. coli) from patients with urinary tract infection (UTI); and to
examine primary care antibiotic prescribed within 12 months of admission and resistance to inform
the sample size calculation of future studies.
2. Results and Discussion
Between October 2010 and July 2011, 6783 urine samples were submitted for microbiology
testing at UHBristol Trust laboratory. Of these, 2147 grew an organism, of which 1407 (65%) were
ineligible (contaminant). The remaining 740 samples were from patients who were then potentially
available to be screened for study eligibility (see Figure 1). Thirty-three female patients and
twenty-five male patients could not be followed up due to lack of nurse time (n = 58). Thirty-eight
percent of eligible patients were subsequently identified as ineligible and a further 36% could not
meet with the research nurse as they were too unwell. Complete primary care data were available
for 80 participants.
2.1. Practices and Participants
Patients were registered with a total of 25 GP practices with the majority of practices contributing
one patient, and six practices having more than three patients recruited to the study. Mean (SD)
participant age was 63.4 (20.1), with patient age ranging from 20–92 years. Sixty-four percent of
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the study cohort was female and 73% had been administered antibiotics in secondary care. The
majority of these (86%) were given penicillin and/or trimethoprim (82%). Other characteristics of
the study population are detailed in Table 1.
Figure 1. Diagram showing flow of participants through the study.

Table 2 details the microbiology results for 105 recruited patients. E. coli was the most common
organism. Thirty-three and 24 percent of urinary isolates tested were resistant to trimethoprim and
amoxicillin respectively.
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Table 1. Characteristics of patient participating in study.
Variable
Age (mean(SD))
Age category
20–49
50–74
75–84
85+
Female
Secondary care antibiotic use
Trimethoprim 1
Co-amoxiclav 1
Amoxicillin 1
Nitrofurantoin 1
Visited hospital in previous 12 months
Antibiotic use in previous 12 months
Yes
Unknown 2
Co-morbidity
Asthma
Diabetes mellitus
COPD
History of smoking
1

n(%) n = 105
63.4 (20.1)
24(23)
38(36)
25(24)
18(17)
67(64)
77(73)
63(82)
22(29)
66(86)
3(4)
53(50)
21(20)
79(75)
14(13)
16(15)
3(3)
46(44)

Denominator = 77; 2 patient could not recall.

Primary care data on antibiotic use was obtained for 63% (n = 80) of the recruited sample.
Table 3 details the number of antibiotic used by patients in the previous 12 months. Thirty-seven
percent of participants had no antibiotic prescriptions in the previous 12 months. Twenty-three
percent of participants had three or more course of antibiotics prescribed in the previous 12 months.
Unadjusted regression analysis showed that prescription of an antibiotic course in the previous
12 months was associated with presence of a urinary isolate resistant to trimethoprim (OR 3.58 95%
CI 1.18 to 10.9, Table 4).
Table 2. Organisms identified in patient urine samples.
Organism identified
Escherichia coli
Proteus spp.
Coliform
Resistance (all urinary isolates)
Trimethoprim
Amoxicillin
Ciprofloxacin

n (%), n = 105
75 (71)
10 (10)
20 (19)
n = 105
35 (33)
25 (24)
10 (10)
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Table 3. Primary care antibiotic courses in the previous 12 months.
Antibiotic type
Amoxicillin
Co-amoxiclav
Flucloxacillin
Nitrofurantoin
Trimethoprim
Ciprofloxacin
Erythromycin
Clarithromycin
Other
Number of courses
0
1
2
3–5
6+
a

n (%) n = 154 a
20 (13)
16 (10)
13 (8)
28 (18)
31 (20)
17 (11)
15 (10)
4 (3)
10 (7)
n = 80
31 (39)
22 (27)
6 (8)
12 (15)
9 (11)

Number of courses prescribed n = 154 for n = 80 patients. Twenty-seven patients had more than one

course of antibiotic prescribed in the previous 12 months.

Table 4. Crude association between prescription of any antibiotic in the previous
12 months and trimethoprim resistance in patients admitted to hospital with
suspected infection.
Antibiotic Prescribed
n = 80
Yes 49 (61)
No 31 (39)

Resistant
n = 25 (31%)
20 (80%)
5 (20%)

Susceptible
n = 55 (69%)
29 (53%)
26 (47%)

Crude OR
95% CI
3.58
1.18 to 10.9

2.2. Discussion
This study has demonstrated that recruitment of patients in secondary care is feasible, but
requires significant staff resources. Data linkage methods, once patient consent had been obtained,
was a successful method of carrying out this research. Primary Care data was obtained from the
GP practices and was facilitated by local Primary Care Research network support. Using “opt-in”
consent methods led to a high proportion (36%) of potentially eligible patients not being given the
opportunity to participate in the study, and incomplete data where patients provided insufficient
information on their GP practice. This has negative outcomes not only for the generalizability of
the study findings but, given that many of these patients were also too unwell to give consent,
excludes patients suffering from more severe resistant infections. Furthermore, results of the pilot
study showed that most patients were supportive of the research, with just two (0.3%) potentially
eligible participants declined to take part in the research, as they were concerned about giving
access to their medical records. This suggests that the opt-in consent method may not be the most
scientifically robust or efficient method. Given that most of the data used in this study are routinely
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collected in primary and secondary care, with appropriate data security safeguards and regulatory
approvals, this research could be conducted without any direct patient involvement.
Results from a univariate analysis suggest that the primary care prescription of antibiotic in
the 12 months prior to admission was associated with the presence of trimethoprim resistant
isolates in patients admitted to hospital with UTI. This association appears clinically important, but
needs to be adjusted for potential confounders (such as recent hospital admission) in future, more
powerful, studies.
In addition, in any future study sample size should be sufficient to allow for comparison
between resistance to specific antibiotics. An important factor, which was identified in this study,
is that resistance testing is not standardized within the secondary care setting. A further limitation
of this study is that the primary reason for admission was unknown, reflected in the variety of
antibiotic therapies recorded. This information should be included in a future study. A large
proportion of the study sample was excluded as they had a urinary catheter, which threatens the
generalizability of study findings. In a future fully powered study, the sample size should allow for
subgroup analysis—for example, investigating the association between primary care antibiotic and
resistance in patients who have a catheter or patients who have co-morbidities.
Our pilot study produced results similar to those seen elsewhere. One Spanish study examined
susceptibility to a number of antibiotics in patients treated by emergency services, who had been
diagnosed with community acquired UTI. Patients who had been prescribed nalidixic acid or
fluoroquinolones within the previous three months were found to have significantly higher
resistance rates than those who had no previous primary care antibiotics [15]. A second study
found that the odds of E. coli resistance to co-amoxiclav were four times higher comparing French
patients hospitalized for urinary tract infection with and without co-amoxiclav exposure in the
month prior to admission [16]. Finally, a cohort study retrospectively studied 24 adults with
bacteraemic pneumonia (25 episodes) due to penicillin-resistant pneumococci compared with
48 patients with bacteraemic pneumonia caused by penicillin-sensitive pneumococci. The 24 patients
with penicillin-resistant pneumococci had a significantly higher: incidence beta-lactam antibiotic use
during the previous three months, hospitalization during the previous three months, nosocomial
pneumonia and episodes of pneumonia during the previous year [17]. However, these studies are all
relatively small and resistance rates vary substantially across Europe with Spain having higher rates
than typically seen in the UK.
2.3. Implications for Research and Clinical Practice
Since much of the study data collected could have been collected from the microbiology
database and the patient’s primary and secondary care records, database linkage methods might be
more efficient for future studies. This would negate the need to recruit acutely unwell patients in
the secondary care setting. Results from the study suggest that the decision to prescribe antibiotics
in primary care can influence antibiotic resistance status in patients when they are admitted to
secondary care, but needs to be confirmed in a fully adjusted, powered study. Further knowledge of
association between primary care antibiotic prescribing and the development of resistant infections
at an individual level will better inform shared GP-patient decision making in fully weighing up the
pros and cons of prescribing and using antibiotics. This will benefit patients by discouraging the
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inappropriate prescription of antibiotics and help encourage the virtuous cycle of reduced antibiotic
use and reduced bacterial resistance.
3. Experimental
3.1. Design, Setting and Participants
The study was a controlled observational pilot study including adult patients being treated for a
microbiologically confirmed urinary tract infection (UTI) at the University Hospital Bristol Trust.
3.2. Identification of Bacteria
The microbiology database was searched daily for samples submitted within 48 h of admission
in which a bacterium was isolated. To be included urines had to have both: a significant positive
culture and either a clinical descriptor for a urinary tract infection (cystitis or pyelonephritis) or
positive ward-based urine dip stick result. In the laboratory, a positive leukocyte esterase, and a
significant growth (104–105 or >105 cfu/mL) of a single or two organisms would be considered
significant. Three or more organisms were regarded as contaminants and were excluded.
3.3. Microbiology Methods
Bacterial identification was based on appearance in chromogenic agar or by using the automated
VITEK II system. Standard British Society for Antimicrobial Chemotherapy (BSAC) [18] disc
testing methods were used to determine antibiotic resistance status for any bacterium isolated from
patient sample within the UHBristol Trust laboratories. Disc testing methods were used to detect
resistance to a variety of antibiotics. As we used data produced from standard NHS procedures not
all samples were tested for resistance to the same antibiotics.
3.4. Patient Recruitment and Consent
The hospital’s microbiology database was searched to ascertain the location (which hospital
ward or discharged) of patients in whom bacteria had been identified. The Research Nurse located
each potentially eligible patient and asked permission from the patients’ clinical team to approach
the patient to provide information about the study. Patients were asked to give consent for their
primary and secondary care medical records to be used to extract study data. In addition, patients
were asked to complete a brief baseline questionnaire giving details of: hospital visits in the
previous 12 months; antibiotic use in the previous 12 months; co-morbidities; current medication
and socio-demographic information. If patients had been discharged before the nurse had an
opportunity to recruit then an invitation letter and study material was sent from the microbiology
team to the patient by post. Patients were ineligible if they had previously taken part in the study
or had insufficient capacity to give informed consent, or if the sample had been obtained from a
urinary catheter. If patients were: under 18 years of age; immunocompromised or unable to read
and understand English; they were also excluded Ethical approval was given to search the primary
care notes of patients from Bristol, North Somerset or South Gloucester Primary Care Trusts
regions. Therefore, patients who were outside that catchment area were excluded.
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3.5. Primary Care Antibiotic Data
GPs were informed by letter of their patient’s participation in the study. GPs were asked
to complete a proforma to collect computer recorded primary care antibiotic prescribing and
consultations in the 12 months prior to admission and six weeks post hospital discharge. In particular,
the type, the number of units (capsules, tablets or suspension volume) per dose, the strength
per unit, the total number of units and the dosing instructions was be collected for all courses of
prescribed systemic antibiotics.
3.6. Outcome Measures
The main outcome of the study was to determine optimal recruitment, consent and data collection
methods. In addition, we aimed to describe the prevalence of antimicrobial susceptibility/resistance
among bacteria isolated from urine samples.
Summary statistics were used to describe recruitment and data attrition rates and demographics,
antibiotic exposure and outcomes of individuals with susceptible and resistant bacteria. A separate
binary variable was created to represent if an organism showed resistance to trimethoprim
(Yes/No). Prior exposure to antibiotics in the 12 months before admission was recorded as a binary
variable (Yes/No).
The pilot study was designed to estimate crude strengths of association to inform the sample
size calculation of a future, definitive study. A logistic regression model was used to estimate the
unadjusted strength of association between prior primary care antibiotic exposure and antibiotic
resistance in the study and measures of variability between antibiotic exposure and resistance [19].
4. Conclusions
Our study has demonstrated an important possible relationship between primary care prescribed
antibiotics and trimethoprim resistance in patients admitted to secondary care with UTI. This
should be replicated in a fully powered study. We have also demonstrated that the recruitment
methods are feasible, but that the study could be more efficiently conducted using routinely collected
data. These data could be easily available for research purposes, enabling ongoing monitoring of
resistant infections in hospitals. Improvements in database connections between healthcare settings
could enable this information to be fed between primary care and secondary care clinicians—thereby
leading to more appropriate antibiotic use both within primary and secondary health care settings.
Acknowledgments
We wish to thank the participating patients in the United Hospital Bristol Trust and practices in
Bristol, North Somerset and South Gloucester. We wish to thank Dave Wright for advice and support
in designing the database search and Angel Pollard and Susan Bryant for support with data collection.
This work was supported by the National Institute for Health Research, National School for
Primary Care Research.
Ethics approval was granted by NRES Committee South West—Southmead. The reference
number is 10/H0102/3.

72
Author Contributions
ADH and CC conceived idea for project. CD advised on study design and patient recruitment.
OMW carried out data extraction and screening of eligible samples. Research Nurse carried out all
data collection. CC and AAM conducted data analysis. CC and ADH produced first draft of paper.
OMW, CD and AAM commented on subsequent versions.
Conflicts of Interest
The authors declare no conflict of interest.
References
1.
2.

3.
4.

5.
6.

7.

8.

9.

10.

Leung, E.; Weil, D.E.; Raviglione, M.; Nakatani, H. The WHO policy package to combat
antimicrobial resistance. Bull. World Health Organ. 2011, 89, 390–392.
Infectious Diseases Society of America. Bad Bugs, no Drugs: As Antibiotic Discovery Stagnate
and A Public Health Crisis Brews; Infectious Diseases Society of America: Alexandria, VA,
USA, 2004.
Standing Medical Advisory Committee. The Path of Least Resistance; Department of Health:
London, UK, 1998.
Macfarlane, J.; Holmes, W.; Macfarlane, R.; Britten, N. Influence of patients’ expectations
on antibiotic management of acute lower respiratory tract illness in general practice:
Questionnaire study. BMJ 1997, 315, 1211–1214.
Simpson, S.A.; Wood, F.; Butler, C.C. General practitioners’ perceptions of antimicrobial
resistance: A qualitative study. J. Antimicrob. Chemother. 2007, 59, 292–296.
Hay, A.D.; Thomas, M.; Montgomery, A.; Wetherell, M.; Lovering, A.; McNulty, C.; Lewis, D.;
Carron, B.; Henderson, E.; MacGowan, A. The relationship between primary care antibiotic
prescribing and bacterial resistance in adults in the community: A controlled observational
study using individual patient data. J. Antimicrob. Chemother. 2005, 56, 146–153.
Malhotra-Kumar, S.; Lammens, C.; Coenen, S.; van Herck, K.; Goossens, H. Effect of
azithromycin and clarithromycin therapy on pharyngeal carriage of macrolide-resistant
streptococci in healthy volunteers: A randomised, double-blind, placebo-controlled study.
Lancet 2007, 369, 482–490.
Costelloe, C.; Lovering, A.; Montgomery, A.; Lewis, D.; McNulty, C.; Hay, A.D. Effect of
antibiotic prescribing in primary care on meticillin-resistant Staphylococcus aureus carriage in
community-resident adults: A controlled observational study. Int. J. Antimicrob. Agents 2011,
39, 135–141.
Chung, A.; Perera, R.; Brueggemann, A.B.; Elamin, A.E.; Harnden, A.; Mayon-White, R.;
Smith, S.; Crook, D.W.; Mant, D. Effect of antibiotic prescribing on antibiotic resistance in
individual children in primary care: Prospective cohort study. Br. Med. J. 2007, 335, 429–434.
Costelloe, C.; Metcalfe, C.; Lovering, A.; Mant, D.; Hay, A.D. Effect of antibiotic prescribing
in primary care on antimicrobial resistance in individual patients: Systematic review and
meta-analysis. Br. Med. J. 2010, 340, c2096.

73
11. Lipsitch, M.; Samore, M.H. Antimicrobial use and antimicrobial resistance: A population
perspective. Emerg. Infect. Dis. 2002, 8, 347–354.
12. Butler, C.C.; Rollnick, S.; Pill, R.; Maggs-Rapport, F.; Stott, N. Understanding the culture of
prescribing: Qualitative study of general practitioners’ and patients’ perceptions of antibiotics
for sore throats. Br. Med. J. 1998, 317, 637–642.
13. Brooks, L.; Shaw, A.; Sharp, D.; Hay, A.D. Towards a better understanding of patients’
perspectives of antibiotic resistance and MRSA: A qualitative study. Fam. Pract. 2008, 25,
341–348.
14. World Health Organisation. European Strategic Action Plan on Antibiotic Resistance;
Copenhagen, Denmark, 2011.
15. Alós, J.-I.; Serrano, M.G.; Gómez-Garcés, J.-L.; Perianes, J. Antibiotic resistance of Escherichia
coli from community-acquired urinary tract infections in relation to demographic and clinical data.
Clin. Microbiol. Infect. 2005, 11, 199–203.
16. Leflon-Guibout, V.; Ternat, G.; Heym, B.; Nicolas-Chanoine, M.H. Exposure to co-amoxiclav
as a risk factor for co-amoxiclav-resistant Escherichia coli urinary tract infection.
J. Antimicrob. Chemother. 2002, 49, 367–371.
17. Pallares, R.; Gudiol, F.; Linares, J.; Ariza, J.; Rufi, G.; Murgui, L.; Dorca, J.; Viladrich, P.F.
Risk factors and response to antibiotic therapy in adults with bacteremic pneumonia caused by
penicillin-resistant pneumococci. N. Engl. J. Med. 1987, 317, 18–22.
18. BSAC Microbiology Testing Guidelines. Available online: http://bsac.org.uk/wp-content/
uploads/2012/02/version215-nov-2003-.pdf (accessed on 1 October 2010).
19. Arain, M.; Campbell, M.J.; Cooper, C.L.; Lancaster, G.A. What is a pilot or feasibility study?
A review of current practice and editorial policy. BMC Med. Res. Methodol. 2010, 10, e67.

74

Chapter 7
Value of Provoked or Spontaneous Flank Pain in Men with
Febrile Urinary Tract Infections
Franck Bruyère, Joseph-Alain Ruimy, Louis Bernard, Raphael Elfassi, Olivier Boyer,
Fabrice Amann and Paul Meria
Abstract: Background: Our objective was to identify the clinical, laboratory and radiological
characteristics of febrile urinary tract infections (UTI) in men and to focus on the value of
flank pain in these men managed in an ambulatory care system. Methods: A network was
designed to manage men with febrile UTI without hospitalization according to an algorithm
designed with different specialists. The patients’ characteristics were prospectively recorded
and each patient was followed up until completely cured. We artificially divided patients into
two groups. Group 1: men without flank pain diagnosed as prostatitis and a second group
(Group 2) of men with flank pain or provoked flank pain more likely to have a pyelonephritis.
Groups were compared to find arguments to differentiate prostatitis to pyelonephritis. Results:
350 men were included in the study, half of these men reported urinary symptoms (dysuria,
urgency and burning urination). The negative predictive values of the nitrite and leukocytes
test were poor alone or in combination. The renal ultrasound was never informative. None of
the patients failed to respond to the treatment. No difference was found between groups.
Conclusions: Laboratory test results and radiological features had a poor predictive value. Men
with suspected pyelonephritis did not evolve differently from those with suspected prostatitis.
Monitoring and treatment of men with febrile UTI does not seem to depend on the existence
of a pyelonephritis suspected after the presence of a lumbar pain. Ambulatory management of
febrile UTI is feasible and safe, requiring an efficient network for patient’s surveillance.
Reprinted from Antibiotics. Cite as: Bruyère, F.; Ruimy, J.-A.; Bernard, L.; Elfassi, R.; Boyer, O.;
Amann, F.; Meria, P. Value of Provoked or Spontaneous Flank Pain in Men with Febrile Urinary
Tract Infections. Antibiotics 2014, 3, 155-162.

1. Introduction
Acute genitourinary tract infections such as acute prostatitis (AP) represent a significant
problem in urological practice. Unfortunately, very few data have been published regarding this
subject. In the U.S., AP is the most common urological diagnosis in men under 50 years of age,
representing 8% of consultations [1]. Antibiotic treatment of AP is recommended, but abscess
formation has been described, which may have devastating consequences. It is now acknowledged
that the vast majority of febrile urinary infections in men are to be considered as acute prostatitis;
pyelonephritis remains exceptional in men. Flank pain, spontaneous or provoked, is the clinical
sign that orients the diagnosis toward a pyelonephritis. Unfortunately, no pathognomonic clinical,
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biological or radiological signs prove the diagnosis. We analyzed 251 cases of febrile urinary
infections in men treated in a medical network; all of the data were prospectively recorded by a data
manager and were analyzed retrospectively.
2. Methods
A network was designed to include general practitioners (GP), private biological departments
and private radiological departments to manage febrile urinary infections without hospitalization.
Each patient was managed “at home” by scheduling clinical examinations, laboratory tests and
imaging using the network. All of the GPs involved in the group were educated on how to use
an algorithm initially built with specialists and were asked to enter information into a database.
Treatments were defined as successful if symptoms disappeared in less than 72 h and if no
recurrence was observed within one month. Herein, we present the entire clinical, laboratory,
radiological and bacteriological data for men with acute febrile urinary infection treated between
May 2005 and December 2012 as part of the SphereS. We analyzed 350 men who presented with
febrile urinary infection. The data were collected prospectively in a customized database and were
retrospectively analyzed. We included all men who were recruited by their GP because of suspicion
of a febrile urinary infection (fever and urinary symptoms); however, men with suspected urethritis
(urethral flow and pain without fever) were excluded from the study. Once enrolled in the study,
none of the men were excluded from the final analysis. We artificially divided patients into two
groups. Group 1: men without flank pain diagnosed as prostatitis and a second group (Group 2) of
men with flank pain or provoked flank pain more likely to have a pyelonephritis. Groups were
compared to find arguments to differentiate prostatitis to pyelonephritis.
Statistical Analysis
Continuous variables were reported as the mean value plus or minus the standard deviation. The
sensitivity, specificity and positive and negative predictive values were calculated for several
variables. We used chi-square analysis and alternatively, when indicated, Fisher’s exact test and
Wilcoxon for non-parametric comparison of means. The significance of the difference between
groups was estimated by way of a two-tailed Student’s t-test.
3. Results and Discussion
Three hundred and fifty men were enrolled in the study. The patient characteristics are
summarized in Table 1.
All men were referred to their GP because of suspicion of febrile acute urinary tract infection.
All men were referred because of fever higher than 38 °C, and half of these men reported urinary
symptoms (dysuria, urgency and burning urination).
A total of 289 (82.6%) patients had neutrophil counts exceeding 8000/mm3 (Table 2).
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Table 1. Patient characteristics of 350 men with febrile urinary infection. Group 1: no
flank pain; group 2: provoked or spontaneous flank pain.
characteristics
Mean age ± SD years
History of UTI (%)
Diabetes (%)
Known prostate enlargement (%)
Flank pain
Provoked flank pain
Macroscopic hematuria
Flu-like symptoms
Urinary bother
painful DRE

Total
60.2 ± 16.2
82 (23.4%)
22 (6.3%)
37 (10.5%)
18 (5.1%)
39 (11.1%)
71 (20.3%)
29 (8.3%)
178 (50.8%)
15 (4.3%)

Group 1 (n = 308)
61.0 ± 15.8
79 (25.6%)
18 (5.8%)
36 (11.6%)
0 (%)
0 (0%)
62 (20.1%)
24 (7.8%)
159 (51.6%)
14 (4.5%)

Group 2 (n = 42)
54.8 ± 18.2
3 (7.1%)
4 (9.5%)
1 (2.3%)
18 (42.8%)
39 (92.8%)
6 (21.4%)
5 (11.9%)
19 (45.3%)
1 (2.3%)

p value
0.04
0.02
ns
ns
<0.0001
ns
ns
ns
ns

Abbreviations: SD, standard deviation; UTI, urinary tract infection; DRE, digital rectal examination;
ns, non significant.

Table 2. Laboratory test results for men with acute urinary infection.
Total

Group 1 (n = 308)

Group 2 (n = 42)

p value

3

3

14.4 ± 4.9

14.7 ± 5.0

14.2 ± 4.3

ns

3

3

Neutrophils (10 /mm )

12.1 ± 4.6

12.2 ± 4.6

11.6 ± 4.1

ns

Creatinine (µmol/L)

102 ± 24

102 ± 25

97 ± 20

ns

Creatinine clearance (mL/min)

85 ± 25

84 ± 24

95 ± 32

ns

C reactive protein (mg/L)

100 ± 83

99 ± 83

104 ± 83

ns

525 ± 820

551 ± 860

337 ± 379

0.01

Urinary red blood cells

143 ± 312

142 ± 302

152 ± 385

ns

Positive urinary bacterial culture

298 (85.1%)

268 (87.0%)

30 (71.4%)

ns

Escherichia coli

247 (82.8%)

230 (85.8%)

17 (56.6%)

Proteus

17 (5.7%)

17 (6.3%)

0 (0.0%)

Laboratory test
Leukocytes (10 /mm )

Urinary leukocytes (mean ± SD)/mm

3

Bacteriological findings

Klebsiella

8 (2.6%)

6 (2.2%)

2 (6.6%)

Citrobacter

9 (3.0%)

8 (3.0%)

1 (3.3%)

Enterococcus

5 (1.6%)

4 (1.5%)

1 (3.3%)

Enterobacter

4 (1.3%)

4 (1.5%)

0 (0.0%)

Morganella

4 (1.3%)

3 (1.1%)

1 (3.3%)

Staphylococcus sp.

3 (1.0%)

3 (1.1%)

0 (0.0%)

Haemophilus

1 (0.3%)

0 (0.0%)

1 (3.3%)

0.04

Abbreviations: ns, non significant.

No difference was found between groups in terms of urine dipstick results. Among patients with
urine dipsticks showing negative for leukocytes and nitrite, only 5.5% had a negative urine culture,
82.8% tested positive for E. coli, and 5.7% tested positive for Proteus mirabilis. The sensitivity
of the nitrite test was 67%, and the specificity was 57%; the sensitivity of the leukocyte test was
94.3%, and the specificity was 5.8%. The addition of the of the nitrite test results marginally
improved the sensibility of the leukocyte test; however, the specificity remained low. The positive
predictive value of a positive nitrite test and of the combination of a positive nitrite and a positive
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leukocyte test were respectively 90.1% and 86.1%. The negative predictive values of the nitrite and
leukocytes test were poor alone or in combination.
The urine dipstick was positive for leukocytes and nitrite in 97.9% of patients and was negative
for both in 2.1% of the cases of positive urine culture (Table 3).
Table 3. Results of the urine dipstick test.
Diagnostic test, result
(no. of patients with results)
Nitrite
positive (223)
negative (127)
Leukocytes
positive (330)
negative (20)
Nitrite, positive
Leukocytes positive (339)
leukocytes negative (11)
Nitrite, negative
Leukocytes positive (296)
Leukocytes negative (54)

Culture result, no. (%)
positive
(n = 298)

negative
(n = 52)

201 (67.4)
97 (32.5)

22 (42.3)
30 (57.6)

281 (94.3)
17 (5.7)

49 (94.2)
3 (5.8)

292 (97.9)
6 (2.1)

47 (90.7)
5 (9.6)

247 (82.9)
51 (17.1)

49 (94.2)
3 (5.8)

Twenty four patients (6.8%) had a postvoiding volume greater than 80 mL. In the remaining
cases, the renal ultrasound was not informative (Table 4).
Table 4. Ultrasound findings.
Total (n = 350) Group 1 (n = 308) Group 2 (n = 42) p Value
Prostate volume mL (mean ± SD)
43 ± 23
43 ± 21
38 ± 34
ns
Post voiding urinary volume
46 ± 112
47 ± 116
30 ± 54
ns
Other comments:
Prostatic calcifications
17 (50.1%)
16 (55%)
1 (25%)
ns
Epididymitis
2 (5.9%)
1 (3%)
1 (25%)
ns
Prostate nodule
1 (2.9%)
1 (3%)
0
ns
Bladder tumor
2 (5.8%)
2 (7%)
0
ns
Prostatitis
12 (35.1%)
10 (31%)
2 (50%)
ns
Comments on kidney (n = 204)
Angioma
1 (0.5%)
0 (0%)
1 (0.4%)
ns
4 (2.2%)
3 (11.5%)
Stone
7 (3.4%)
0.011
1 (0.5%)
1 (3.8%)
Dilatation
2 (0.8%)
ns
0 (0%)
1 (3.8%)
Pyelonephritis
1 (0.4%)
ns
Normal
172 (96.6%)
21 (80.8%)
193 (94.6%)
ns
Abbreviations: SD, standard deviation.

Two cases of renal dilation were found; however, only one patient exhibited pain in his flank.
Stones were more often found in patients with spontaneous or provoked flank pain (p = 0.011).
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Overall, 92.8% of patients were treated with fluoroquinolones. The mean duration of treatment
was 22.9 ± 6.6 days (18.9 ± 7.1 days for group 1 and 23.5 ± 6.3 days for group 2, p < 0.001).
None of the patients failed to respond to the treatment. Men returned with apyrexia in mean
2.7 days ± 1.6 days. Only three men (one in group 1 and two in group 2) required hospitalization
during follow up. No difference was found between groups. Men with suspected pyelonephritis did
not evolve differently from those with suspected prostatitis. Monitoring and treatment of men with
febrile urinary tract infection does not seem to depend on the existence of a suspected pyelonephritis
suspected after the presence of a lumbar pain.
Discussion
Herein, we present one of the largest studies published on febrile urinary infection in men.
Clinical, laboratory and radiological data were studied, and we report many useful concepts for the
diagnosis and treatment of acute prostatitis and acute pyelonephritis.
The clinical characteristics of acute prostatitis are poorly described in the published literature [2,3].
The majority of the literature focuses on post-biopsy prostatitis [4–6]. Flank pain is frequently
described (from 5.1% in our study to 25%, two without any pyelonephritis), and prostatitis can be
misdiagnosed initially as flank pain is interpreted as a clinical sign of pyelonephritis. Patients
frequently describe urinary symptoms; however, the reported incidence for urinary symptoms is
influenced by the specialty of the practitioner [3]. A total of 86% of patients questioned by a
urologist for an acute prostatitis had urinary symptoms, while only 50% reported urinary symptoms
if seen in geriatrics or internal medicine [3]. However, the population admitted to urology
departments may have a higher incidence of bladder disorders than populations handled by other
specialties. Only 63% of patients with AP in geriatric departments suffer from fever versus more
than 80% in other departments (100% in our study). We could argue that the diagnosis of AP was
suggested by geriatricians because of positive bacterial cultures in men with indwelling catheters.
DREs suggesting AP are not routinely described (39% for infectious disease specialists to 77% for
urologists) [3]. In our study, only 4.4% of DRE were painful. DRE were not routinely performed
by GPs in our study, as the initial algorithm found that the predictive value of DRE in acute
situations strongly suggest AP to be poor. Unfortunately, we did not focus on past history of
urinary tract infection (UTI). Etienne et al. reported that approximately 37% of men with AP report
previous UTI [3]. In our study we found that patients with flank pain had fewer previous episodes
of urinary tract infection without arguing for pyelonephritis or prostatitis.
C reactive protein (CRP) and leukocyte levels were elevated in 96% and 74% of men with AP,
respectively [2]. We found similar results that did not correlate with the symptoms or the severity
of UTI and without difference between AP or pyelonephritis. Analyzing these results, we suggest
that the predictive value of CRP and leukocyte levels is low in the diagnosis of UTI; its value
should be more precisely determined.
Blood cultures were not available in our study. In a previously published study, blood cultures
were analyzed for acute prostatitis patients [7]. Blood cultures were positive for 21% of men and
contributed to the microbiological diagnosis for 5% of the patients. Guidelines are not trivial for
that purpose; these data suggest that cases of uncomplicated UTI, AP or pyelonephritis would not
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benefit from routine blood cultures. However, urine cultures are recommended, and the bacterial
results are similar between studies.
In a previous study, urine dipsticks were used to test 422 men with urinary infections [8]. The
authors concluded that the positive predictive value of a positive nitrite test was 96% and that the
addition of the results of the leukocyte esterase test did not improve the diagnostic accuracy of the
nitrite test. We agree with these conclusions, and we would like to emphasize the poor negative
predictive value of urine dipsticks in men UTIs.
Post-voiding residual volumes were not different between groups in our study. In the Etienne
study, only 14% of patients followed by an infectious disease specialist had post-voiding residual
volume measurements done, and 21% of patients had postvoiding residual volume measurements
done if followed by a urologist [3]. This result was not precise in Auzanneau’s study, in which 49%
had a renal or bladder ultrasound [2]. We did not find any additional value of performing a renal
or a prostatic ultrasound, except for stone diagnosis in men with flank pain. Based on all of
these findings, we can argue that the only imaging technique that should be performed on men with
suspected AP is a bladder ultrasound to measure the postvoiding residual volume and a renal
ultrasound if men complain from spontaneous or provoked flank pains. The algorithm used
informed us to perform prostate ultrasound if the patient remains febrile at day 3 after antibiotics in
order to diagnose an abscess. None of the patients needed prostate ultrasound.
To our knowledge, this is one of the largest studies analyzing a substantial amount of data in an
important population of men with febrile UTI. Data were collected prospectively and analyzed
retrospectively. The network increases the follow up of patients with routine phone calls and
specialist visits if the evolution of UTI is unfavorable or if the patient experiences recurrent
episodes. The data examined in this study emphasized that the laboratory tests or radiological
exams should be performed accurately. The national and international infectious disease committee
should take into account these results to provide new recommendations for the diagnosis and
treatment of men UTIs. The question about the diffenciation between AP and prostatitis remains
unsolved. We can argue that no difference was found between men with flank pain and men
without flank pain in term of clinical or biological data. Stones were, however, more frequently
found on ultrasound if men complain of flank pain.
4. Conclusions
This study, conducted using data from patients with febrile UTI, revealed that the most common
clinical features are fever with urinary discomfort. No differences were found between men with or
without flank pain, except for stones, which were more frequently diagnosed on ultrasound if men
complained of flank pains. Laboratory test results and radiological features had a poor predictive
value. Men with suspected pyelonephritis did not evolve differently from those with suspected
prostatitis. Monitoring and treatment of men with febrile urinary tract infection does not seem to
depend on the existence of a suspected pyelonephritis suspected after the presence of a lumbar
pain. The results of this study will be very useful for the development of future guidelines
concerning the management of febrile UTI in men. Ambulatory management of febrile UTI is
feasible and safe, requiring an efficient network for patient surveillance.
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Chapter 8
Clinical Efficacy of a Single Two Gram Dose of Azithromycin
Extended Release for Male Patients with Urethritis
Satoshi Takahashi, Hiroshi Kiyota, Shin Ito, Akihiko Iwasawa, Yoshiki Hiyama,
Teruhisa Uehara, Koji Ichihara, Jiro Hashimoto, Naoya Masumori, Kenichi Sunaoshi,
Koichi Takeda, Nobukazu Suzuki, Takahide Hosobe, Hirokazu Goto, Hidenori Suzuki
and Shoichi Onodera
Abstract: To clarify the clinical efficacy of a single oral 2 g dose of azithromycin
extended-release for heterosexual male patients with urethritis, and the current antimicrobial
sensitivity of Neisseria gonorrhoeae to azithromycin, a prospective clinical trial was conducted
from 2011–2013. In patients with gonococcal urethritis, the eradication rate was 90.9%
(30 of 33). The susceptibility rates of isolated Neisseria gonorrhoeae strains to ceftriaxone,
spectinomycin, cefixime and azithromycin were 100%, 100%, 95.3% (41/43) and 37.2% (16/43),
respectively. In the patients with nongonococcal urethritis, the eradication rate was 90.0% (45 of
50). The microbiological eradication rates for the pathogens were 90.9% (30/33) for Neisseria
gonorrhoeae, 91.5% (43/47) for Chlamydia trachomatis, 71.4% (5/7) for Mycoplasma
genitalium, and 100% (13/13) for Ureaplasma urealyticum. The main adverse event was
diarrhea and its manifestation rate was 35.2% (32 of 120). The symptom of diarrhea was
mostly temporary and resolved spontaneously. The conclusion was that the treatment regimen
with a single oral 2 g dose of azithromycin extended-release would be effective for patients
with urethritis. However, the antimicrobial susceptibilities of Neisseria gonorrhoeae and
Mycoplasma genitalium should be carefully monitored because of possible treatment failure.
Reprinted from Antibiotics. Cite as: Takahashi, S.; Kiyota, H.; Ito, S.; Iwasawa, A.; Hiyama, Y.;
Uehara, T.; Ichihara, K.; Hashimoto, J.; Masumori, N.; Sunaoshi, K. Clinical Efficacy of a Single
Two Gram Dose of Azithromycin Extended Release for Male Patients with Urethritis. Antibiotics
2014, 3, 109-120.

1. Introduction
The pathogen of gonococcal urethritis (GU) is Neisseria gonorrhoeae and the principal p
athogens of nongonococcal urethritis (NGU) are Chlamydia trachomatis, Mycoplasma genitalium,
Ureaplasma urealyticum [1]. Clinical guidelines clearly indicate different treatment regimens for
male patients with GU and NGU. The guideline published by the Centers for Disease Control
and Prevention (CDC), USA, recommends a treatment regimen with both a single 250 mg dose of
ceftriaxone intramuscularly and a single 1 g dose of azithromycin (AZM) orally for patients with
GU [2], and a regimen with a single 1 g dose of AZM orally for patients with NGU [3]. Therefore, in
the current clinical situation, AZM is a key drug worthy of note. However, several recent reports
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showed that strains of N. gonorrhoeae [4–6] and M. genitalium [7,8] highly resistant to AZM occurred
worldwide. In addition, recent clinical trials revealed the decreased efficacy of a 1 g dose of AZM
against NGU [9].
AZM is a macrolide antimicrobial agent and its ideal treatment regimen should achieve a higher
area under the curve (AUC) above minimal inhibitory concentrations (MICs) value due to the
current theory on pharmacokinetics (PK) and pharmacodynamics (PD) [10]. However, the conventional
type of AZM, called immediate release (IR), has an increased risk of adverse events if patients are
treated with a dose of AZM IR 2 g [11]. To overcome this situation, a single 2 g dose of AZM
extended release (ER) has been developed [12]. AZM ER microsphere formulation can delay the
release of AZM and bypass the upper gastrointestinal motilin receptors. In addition, this formulation
can decrease the release rate of AZM from the matrix which leads to reduced concentration-dependent
local irritation on upper gastrointestinal mucosa. In Japan, AZM ER is available to treat patients
with both GU and NGU because it is officially approved, although AZM ER is not available for
patients with urethritis in most countries outside of Japan. Therefore, there have been few studies
about the clinical efficacy of AZM ER for male patients with urethritis. The aim of this study was
to clarify the clinical efficacy of single 2 g dose of AZM ER for male patients with GU and NGU,
as well as the current antimicrobial efficacy of AZM against N. gonorrhoeae.
2. Patients and Methods
2.1. Study Design
This prospective, multi-institutional, open label, single-arm clinical study was conducted from
September 2011 to August 2013. It was designed essentially according to Japanese guidelines [13].
2.2. Patients
This clinical study included heterosexual male patients with both GU and NGU who were
20 years old or older. Diagnosis of GU was done based on both symptoms, urethral pain and pus
discharge on external urethral meatus, suspecting urethritis, suspecting urethritis [14] and positive
N. gonorrhoeae detected by microscopic examination of Gram staining, culture of urethral pus
discharge or a nucleic acid amplification test (NAAT) of first-voided urine (FVU). Diagnosis of
NGU was done based on both symptoms suspected to be urethritis and negative N. gonorrhoeae
examined by microscopic examination of culture of urethral pus discharge or commercially available
NAAT of FVU. In addition, C. trachomatis, M. genitalium and U. urealyticum were also detected by a
microbiological test using NAAT. The patients diagnosed with GU or NGU were treated with a
single 2 g dose of AZM ER.
2.3. Procedures for Detection of Pathogens
At each clinic, pus discharge from the external urethral meatus was collected as the specimen
for Gram staining and/or culture of N. gonorrhoeae. The culture method was described in detail in
a previous report [15]. In brief, the specimen was applied on Thayer-Martin Selective Agar (Becton
Dickinson, Cockeysville, MD, USA) and immediately transported in a Bio-Bag Environmental
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Chamber Type C (Becton, Dickinson) to Mitsubishi Chemical Medience Corporation, Tokyo.
Then, it was incubated at 35 °C for 48 h in a 5% CO2 atmosphere.
About 20 mL of FVU was taken from each patient and used as a specimen. C. trachomatis and
N. gonorrhoeae were detected with the commercially available NAAT test kit by transcription-mediated
amplification, polymerase chain reaction (PCR) or strand displacement amplification. M. genitalium
and U. urealyticum were detected using a previously reported PCR method at Mitsubishi Chemical
Medience Corporation [16].
2.4. Antimicrobial Susceptibility Testing
In this study, the minimum inhibitory concentrations (MICs) of eight antimicrobial agents
were determined: penicillin G (PCG) (Wako Pure Chemical Industries, Osaka, Japan), ceftriaxone
(CTRX) (Wako Pure Chemical Industries), cefodizime (CDZM) (Taiho Pharmaceutical Co.,
Tokyo, Japan), cefixime (CFIX) (Wako Pure Chemical Industries), spectinomycin (SPCM)
(Wako Pure Chemical Industries), azithromycin (AZM) (LKT Laboratories, St. Paul, MN, USA),
ciprofloxacin (CPFX) (Tokyo Chemical Industry Co., Tokyo, Japan) and levofloxacin (LVFX) (Tokyo
Chemical Industry Co.). The MICs were determined by an agar dilution method according to a report
(M07-A9 and M100-S23 Package) from the Clinical and Laboratory Standards Institute (CLSI). After
incubation at 35 °C for 20 h in a 5% CO2 atmosphere, the lowest concentration of the antimicrobial
agent that could inhibit bacterial growth completely was defined as the MIC. In addition, the lowest
concentration of the drug that could inhibit approximately 90% and 50% of strains was defined as
the MIC90 and MIC50, respectively. According to the criteria of the CLSI (M100-S23), the MIC
breakpoints for susceptibility and resistance were ӌ0.06 μg/mL and Ӎ2 μg/mL for penicillin,
respectively. For CTRX and CFIX the breakpoint for susceptibility was ӌ0.25 μg/mL. For SPCM
and CPFX the susceptibility and resistance breakpoints were ӌ32 μg/mL and Ӎ128 μg/mL, and
ӌ0.06 μg/mL and Ӎ1 μg/mL, respectively. The MIC breakpoint of AZM was not defined;
however, for it we used the MIC breakpoint for susceptibility and resistance of ӌ0.25 μg/mL and
Ӎ1 μg/mL, respectively, according to the European Committee on Antimicrobial Susceptibility
Testing (EUCAST [17]). The MIC breakpoints of CDZM and LVFX were not defined either; therefore,
we used the MIC breakpoint for susceptibility and resistance of CDZM of ӌ0.06 μg/mL and
Ӎ0.5 μg/mL, and those of LVFX were ӌ0.12 μg/mL and Ӎ2 μg/mL, respectively.
2.5. Outcome
We evaluated both microbiological and clinical cure outcomes judged 1–4 weeks after the
completion of AZM ER treatment. The definition of each microbiological and clinical cure was
essentially using the Japanese guideline for clinical research. In the Japanese guideline [13], the
optimal time to evaluate bacteriological and clinical cure outcomes is 2–4 weeks post-treatment;
however, we modified the duration for judgment because AZM ER was given as a single dose.
In the patients with GU, the microbiological outcome was the primary endpoint or assessment,
and eradication meant no N. gonorrhoeae detected by culture or by NAAT posttreatment. In those
with GU, failure of microbiological outcome meant N. gonorrhoeae detected by culture or modification
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of treatment, including a change or addition of antimicrobial agents. In those patients, clinical cure
meant no symptoms derived from GU.
In the patients with NGU, the microbiological outcome was the primary endpoint or assessment,
and eradication meant no C. trachomatis, M. genitalium, or U. urealyticum detected by NAAT
posttreatment. In those with NGU, failure as microbiological outcome meant C. trachomatis,
M. genitalium or U. urealyticum detected by culture or modification of treatment including a change
or addition of antimicrobial agents. In those patients, clinical cure meant no symptoms derived from
NGU and failure meant continuation of a symptom derived from urethritis or with changes/additions of
antimicrobial agents post-treatment. Only the clinical outcome was analyzed in the patients without any
microbial detection.
2.6. Assessment of Adverse Events
At the second visit, the doctors interviewed each patient in detail about whether adverse events,
including diarrhea, abdominal pain, nausea and so on, had occurred. The grade of adverse events
was determined according to Common Terminology Criteria for Adverse Events (CTCAE) v4.0.
2.7. Ethical Considerations
This clinical study design was approved by Institutional Review Board of Sapporo Medical
University Hospital ([18]; Nos. 22–128, 24–3011) and written informed consent was obtained from
each subject. This clinical study is registered in the University Hospital Medical Information
Network Clinical Trial Registry (UMIN-CTR [19]; UMIN ID; UMIN000006359).
3. Results
A total of 200 patients were included in this study (Figure 1). Of these 200 patients, 55 were
diagnosed with GU, including concomitant, 10 positive for C. trachomatis, one with M. genitalium
and two with U. urealyticum. There were 43 N. gonorrhoeae strains isolated from the patients with
GU and the MICs against these strains were measured. The microbiological and clinical efficacy
were analyzed in 33 patients with GU including for analysis and eight patients of concomitant
urethritis with C. trachomatis, one of urethritis with M. genitalium and one with U. urealyticum. In
these 33 patients with GU, median age was 33 (range: 21–50) years old. The median duration from
the completion of treatment to the second visit was 9 (range: 7–27) days. Twenty-two patients with
GU were excluded from this study, because of no second visit for 16, lack of data for three and
violation of the evaluation period in three. There were 145 patients who were diagnosed as having
NGU. Of these 145 patients, 58 were excluded from this study, because of no second visit for
45 and violation of the evaluation period for 13. Finally, 87 could be analyzed, and they were classified
into 35 cases of urethritis with C. trachomatis, three with M. genitalium, five with U. urealyticum, four
with C. trachomatis and U. urealyticum, three with M. genitalium and U. urealyticum, and 37 without
any microbial detection. In these 87 patients with NGU, median age was 33 (range: 20–65) years old.
The median duration from the completion of treatment to the second visit was 9 (range: 7–27) days.
Of those patients included in the analysis, none had sexual intercourse between the first and second
visits and, based on the interviews, they took the drug as prescribed.
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The MIC of each antimicrobial agent was measured for 43 N. gonorrhoeae strains (Table 1).
The rate of susceptibility to PCG was 9.3% (4/43) and that for CPFX or LVFX was 20.9% (9/43).
The rates for CTRX, SPCM and CFIX were 100%, 100% and 95.3% (41/43), respectively. That for
AZM was 37.2% (16/43).
In the patients with GU, the eradication rate, as the microbiological outcome, was 90.9% (30 of
33) and the cure rate, as the clinical outcome, was 84.8% (28 of 33). Of the three patients with GU
that could not be eradicated by a single 2 g dose of AZM ER, one was treated by a single 1 g dose
of intravenous CTRX and his pathogen was eradicated. The other two patients could not be
followed-up further. The symptom of pus discharge had not disappeared in any of the three patients at
the second visit. The MICs of AZM ER in these three patients with microbiological failure were
0.5 μg/mL, 1 μg/mL, and 2 μg/mL (Table 2). If an MIC with complete eradication is defined as the
MIC breakpoint of susceptibility, 0.25 μg/mL was the MIC breakpoint for AZM in this study.
In one patient with GU, N. gonorrhoeae was eradicated; however, M. genitalium was not eradicated.
In the patients with NGU, the microbiological eradication rate was 90.0% (45 of 50) and the
clinical cure rate was 94.3% (82 of 87) (Table 3). Four patients with treatment failure of
C. trachomatis-positive urethritis did not complain of symptoms related to urethritis at the second
visit. Three patients did not visit the clinic again and no further follow-up could be done. Only one
patient visited again 60 days after the first visit and was treated with minocycline successfully.
Figure 1. Flow chart for assessment of patients: gonococcal urethritis = GU,
nongonococcal urethritis = NGU).

The microbiological eradication rates of the pathogens were 90.9% (30/33) for N. gonorrhoeae,
91.5% (43/47) for C. trachomatis, 71.4% (5/7) for M. genitalium, and 100% (13/13) for U. urealyticum.
The interview at the second visit showed that diarrhea was the main adverse event and its
manifestation rate was 35.2% (32 of 120). However, this diarrhea was mostly temporary and no
further additional treatment was necessary for almost all the patients with diarrhea. In the patients
having temporary diarrhea, the symptom was resolved within one day when the patient took AZM
ER. Therefore, the degree of this adverse event was less than grade 1 defined by the CTCAE.
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Table 1. The MIC distribution of each antimicrobial agent against 43 clinically isolated
N. gonorrhoeae strains.
Antimicrobial

MICs (µg/mL)

Agents

ӌ0.001

0.002

0.004

0.008

0.015

0.03

0.06

0.12

0.25

0.5

1

2

4

8

16

32

64

PCG

-

-

-

-

2

-

2

9

7

9

6

6

1

-

-

1

-

CTRX

2

4

6

6

5

11

7

2

-

-

-

-

-

-

-

-

-

CDZM

-

1

3

8

2

9

11

8

1

-

-

-

-

-

-

-

-

CFIX

-

1

1

6

5

2

9

14

3

2

-

-

-

-

-

-

-

SPCM

-

-

-

-

-

-

-

-

-

-

-

-

-

8

22

13

-

AZM

-

-

-

-

1

-

6

5

4

9

11

5

1

-

1

-

-

CPFX

-

-

3

4

2

-

-

-

-

-

-

1

-

4

8

17

4

LVFX

-

-

3

4

2

-

-

-

-

-

1

1

4

18

9

1

-

PCG: penicillin G; CTRX: ceftriaxone; CDZM: cefodizime; CFIX: cefixime; SPCM: spectinomycin;
AZM: azithromycin; CPFX: ciprofloxacin; LVFX: levofloxacin.

4. Discussion
There have been several critical issues concerning how to treat patients with GU or NGU
properly. Among these, the occurrence and development of drug-resistant N. gonorrhoeae strains
has been the focus of worldwide attention [20]. The updated treatment regimen recommended by
the CDC of the USA for patients with GU is CTRX 250 mg in a single muscular dose plus AZM
1 g orally in a single dose or doxycycline 100 mg orally twice daily for seven days [2]. In Japan,
the guidelines of the Japanese Society for Sexually Transmitted Infections (STI), the Japanese
Association for Infectious Diseases and Japanese Society of Chemotherapy commonly recommend
a treatment regimen using CTRX 1 g in a single intravenous administration, CDZM 1 g in a single
intravenous administration or SPCM 2 g in a single intramuscular dose. CTRX has been a key drug
for the treatment of GU; however, the Gonococcal Isolate Surveillance Project (GISP) (2000–2010)
in the USA showed that the frequencies of N. gonorrhoeae isolates with CFIX MICs Ӎ0.25 μg/mL
and CTRX MICs Ӎ0.125 μg/mL have been increasing gradually [21]. Although the prevalence
of N. gonorrhoeae isolates with elevated MICs remains low, the susceptibility rates to CFIX and
CTRX are decreasing. In addition, a CTRX-resistant N. gonorrhoeae strain was isolated in 2009 in
Kyoto, Japan [22]. Thus, in the current situation there will inevitably be a need for alternative
effective treatment regimens for GU.
AZM is a macrolide antimicrobial agent that has efficacy against pathogens of urethritis [23].
In general, 1 g of AZM immediate release (IR) is widely used for the treatment of urethritis
according to several guidelines [3]. Although the treatment efficacy with AZM IR 1 g orally is
good [23], according to the principles of PK/PD, a greater AUC/MIC could probably obtain better
treatment efficacy by a macrolide [10]. However, a relatively high frequency of gastrointestinal
adverse events could occur in patients treated with AZM IR 2 g orally in a single dose [11],
although the treatment efficacy of AZM IR 2 g is as good as that of CTRX 250 mg intramuscular
administration in patients with GU [11]. Therefore, efforts have been made to achieve a greater
AUC/MIC with AZM ER and to reduce adverse events [12]. According to a report from India,
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the AZM IR 2 g single dose regimen achieved 100% microbiological efficacy for patients with
GU [24].
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Table 3. Microbiological and clinical outcomes in patients with gonococcal urethritis
(GU) and nongonococcal urethritis (NGU).
Urethritis

GU

Urethritis

NGU

Eradication

Cure

Pathogen of Treatment

(Number)

(Number)

Failure and Number

30

28

M. genitalium in 1

Number

Eradication

Cure

C. trachomatis

35

31

34

M. genitalium

3

2

3

U. urealyticum

5

5

5

C. trachomatis and U. urealyticum

4

4

4

M. genitalium and U. urealyticum

3

3

3

Without any microbial detection

37

-

33

Pathogen Coinfection

Number

None

23

C. trachomatis

8

M. genitalium

1

U. urealyticum

1

Pathogen infection

Pathogen in failure
and number

C. trachomatis in 4

In this study, the microbiological eradication rate was 90.9% in the patients with GU. This
eradication rate was relatively low compared to those in previous reports [21]. The MIC distribution
of AZM also shifted to higher MICs and the rate of susceptibility to AZM was 37.2% if the MIC
breakpoint of susceptibility was defined as 0.25 μg/mL. This report from Japan suggests that the
susceptibility to AZM might be decreasing, though two recent reports showed that the susceptibility
rate was high, with no resistant strains identified [25,26]. In our study, three patients with GU had
treatment failure, with N. gonorrhoeae strains having MICs of 0.5 μg/mL, 1 ug/mL and 2 μg/mL.
In these MIC groups, six patients with an MIC of 0.5 μg/mL, six with 1 ug/mL and one with
2 μg/mL were treated successfully and the N. gonorrhoeae strains were completely eradicated. This
study suggested that the AZM ER 2 g single dose treatment regimen is promising and adequate to
eradicate N. gonorrhoeae. This result suggested that future guidelines should limit the treatment to
AZM IR 1 g. However, recent reports from the USA and Europe revealed that the susceptibility of
N. gonorrhoeae to AZM has been decreasing and highly resistant isolates were identified in the
USA [4–6,27]. Therefore, a nationwide surveillance system such as the GISP or the surveillance
system of the Japanese Association for Infectious Diseases, Japanese Society of Chemotherapy and
the Japanese Society for Clinical Microbiology, is indispensable for the management of GU. In
addition, it is important to check the MIC breakpoint of susceptibility because a higher AUC/MIC
due to the AZM ER 2 g single dose may contribute to a better outcome than treatment with AZM
IR 1 g.
The treatment regimen using a single 1 g oral dose of AZM IR is a suitable recommendation for
patients with NGU [21]. In this study, the treatment efficacy of the single 2 g AZM ER oral dose
was excellent and the results were similar to those of our previous reports [23,28–30]. Therefore,
this treatment regimen can also be strongly recommended for patients with NGU because of its high
treatment efficacy as well as being an ideal dose based on PK/PD principles. However, there has been
an issue about treatment failure against M. genitalium recently [8,9]. In our study, the microbiological
eradication rate was 71.5% (5/7) for M. genitalium, although the sample number was small. A recent
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report from the USA showed that treatment failure was common among patients with M. genitaliumpositive NGU who received a single 1 g dose of AZM IR [9]. In addition, highly AZM-resistant
M. genitalium has been isolated from STI patients [27]. Because the sample number was limited in
this study, the definitive treatment efficacy of AZM ER 2 g for patients with M. genitalium-positive
NGU remains to be determined. However, this treatment regimen may be promising for patients with
C. trachomatis-positive and U. urealyticum-positive NGU. If the AZM ER 2 g single dose regimen
fails to cure patients with M. genitalium-positive NGU, sitafloxacin (STFX), one of the newer oral
fluoroquinolones has strong clinical activity against M. genitalium [29,30]. Therefore, the STFX
100 mg twice daily seven days regimen can be an effective alternative to the AZM ER 2 g regimen
for patients with M. genitalium-positive NGU.
Although diarrhea was the main side effect, with a manifestation rate of 35.2%, it occurred
temporarily and no patients with diarrhea needed additional treatment. A previous report clarified
that gastrointestinal side effects, mainly nausea and vomiting, occurred in 35.3% of patients who
received AZM IR 2 g, with a moderate degree in 10.1% and a severe one in 2.9% [11]. Although
the frequency of side effects in the patients who received AZM ER 2 g was not very low, they were
acceptable enough because of their temporary nature and limited degree.
This clinical study has several limitations. The relatively small sample size might not have
adequate statistical power. Some patients with treatment failure were lost to follow-up and we could
not obtain the results of second-line treatment. Unfortunately, the sample number for M. genitalium
was relatively small and it was hard to determine the exact treatment efficacy of the AZM ER 2 g
single dose against this pathogen. However, this is the first clinical study to evaluate the clinical
efficacy of AZM ER 2 g oral single dose treatment for patients with GU and NGU. This study
demonstrated the excellent treatment efficacy and adequate tolerability of the oral 2 g single dose
AZM ER regimen. A future randomized controlled study with a larger series will be able to further
clarify the treatment efficacy for patients with GU and NGU.
5. Conclusions
The treatment regimen with a single 2 g oral dose of AZM ER is effective for patients with GU
and NGU. Although the frequency of side effects was 35.2%, these side effects were acceptable
because they were mild and temporary, and this treatment regimen could be used safely. However,
the antimicrobial susceptibilities of N. gonorrhoeae and M. genitalium and clinical efficacy in patients
with GU and NGU should be carefully monitored because of possible treatment failure of AZM in
the future.
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Chapter 9
Ureteral Stents and Foley Catheters-Associated
Urinary Tract Infections: The Role of Coatings and
Materials in Infection Prevention
Joey Lo, Dirk Lange and Ben H. Chew
Abstract: Urinary tract infections affect many patients, especially those who are admitted
to hospital and receive a bladder catheter for drainage. Catheter associated urinary tract
infections are some of the most common hospital infections and cost the health care system
billions of dollars. Early removal is one of the mainstays of prevention as 100% of catheters
become colonized. Patients with ureteral stents are also affected by infection and antibiotic
therapy alone may not be the answer. We will review the current evidence on how to prevent
infections of urinary biomaterials by using different coatings, new materials, and drug eluting
technologies to decrease infection rates of ureteral stents and catheters.
Reprinted from Antibiotics. Cite as: Lo, J.; Lange, D.; Chew, B.H. Ureteral Stents and Foley
Catheters-Associated Urinary Tract Infections: The Role of Coatings and Materials in Infection
Prevention. Antibiotics 2014, 3, 87-97.

1. Introduction
Catheter-associated urinary tract infections (CAUTI) are the most common source of
hospital-acquired infections [1]. They account for 80% of all nosocomial infections worldwide, with
approximately 450,000 cases in the United States alone annually [1]. As of 2008, treatment of
these hospital-acquired infections is no longer eligible for reimbursement from the US Centres for
Medicare and Medicaid Services, as they are considered to be preventable [2]. With direct treatment
of CAUTIs amounting to over $350 million per year, it is crucial to prevent such infection [1].
Ureteral stents are hollow tubes used to facilitate the drainage of urine from the kidney to the
bladder and are often used after treatment for kidney stones; since these are foreign bodies within
the urinary tract system, they can also often lead to urinary tract infection. Current strategies to
reduce ureteral stent infection have been mostly unsuccessful and it remains a clinical problem. For
the remainder of this paper, stent and catheter infections will be considered together (CAUTI).
In order to develop effective mechanisms to decrease the incidence of CAUTI, the underlying
sequence of events resulting in the development of infection need to be understood. When sterile
urinary catheters and stents are inserted into the human body, components in urine, blood, or
surrounding tissue, such as polysaccharides, ions, and glycoproteins, get deposited on the surface of
the device [1,3] forming a urinary conditioning film. Considering that the conditioning film
components have varying physical characteristics, their deposition alters the surface properties of
the implants, allowing various planktonic bacteria to adhere to the surface via multiple mechanisms
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including electrostatic interactions and bacterial adhesins [4,5]. The initial interaction between
bacteria and device surface is reversible as it is driven by weak hydrophobic and electrostatic
forces [6], however, over time, the adherence becomes irreversible due to the binding of bacterial
adhesins to their target molecules on the device surface as well as bacterial exopolysaccharide
secretion, resulting in the formation of a biofilm. Biofilms are highly structured and actively growing
bacterial communities that consist of multiple bacterial layers protected by a thick exopolysaccharide
layer [6]. The presence of this thick protective layer combined with the fact that the phenotypes and
metabolic functions of the embedded bacteria are modified, result in biofilms being significantly
more resistant to antimicrobial drugs or disturbances than their planktonic counterparts [7] mostly
due to the fact that antimicrobial agents cannot penetrate sufficiently through the exopolysaccharide
layer towards the underlying bacteria as well as the strength with which it holds the community
together. [8] As such, bacteria in a well-established biofilm have been shown to survive in antibiotic
concentrations up to 1000-fold higher than the minimal inhibitory concentration for their planktonic
counterparts [6,9]. As the biofilm becomes more developed, the expansion of the biofilm to
“unpopulated” areas of the stents is facilitated by the detachment of bacterial cells from the biofilm
followed by subsequent conversion back into planktonic, or free-swimming, state. Diffusion of
these planktonic bacteria to non-colonized areas of the surface results in the initiation of new
biofilm formation [10].
Device associated infections in urology are complicated by the fact that the majority of
uropathogens are able to form these complex biofilm communities including both Gram
positive and Gram negative bacteria, as well as yeast [9,11–14]. The most commonly isolated
strains associated with uropathogenic biofilms are Escherichia coli, Enterococcus faecalis, and
Pseudomonas aeruginosa, E. faecalis along with Proteus mirabilis, Staphylococcus aureus and
Candida tropicalis are considered to be the strongest biofilm formers among uropathogens [15].
P. mirabilis biofilms are further complicated by the fact that it expresses urease, an enzyme capable
of hydrolyzing urea up to 10× faster than the rate of other bacterial species. This process generates
ammonia, which rapidly increases the alkalinity of urine significantly, creating an environment that
promotes formation of hydroxyapatite and struvite crystals, resulting in a significant encrustation of
the device surface [16]. Aside from promoting further bacterial adhesion and biofilm formation,
these encrustations also block the catheter lumen often resulting in complete device failure [1,6].
While improved hygiene procedures as well as regular device replacement have helped decreased
the incidence of CAUTI, it has not been prevented. As such it is crucial to develop strategies that
will specifically inhibit the adhesion and growth of uropathogens. While the use of prophylactic
antibiotics could be an effective way to kill potential intruders of the urinary tract prior to their
adhesion to the device surface, it increases the development of further resistance and will not
prevent the attachment and biofilm formation of uropathogens that are already resistant. As such
approaches to prevent the initial bacterial attachment to surfaces need to be developed further, as
this would prevent the bacteria from being retained in the urinary tract environment, being flushed
back out by normal urinary flow.
To date, several approaches have been attempted: one of the most promising approaches
involves the use of antimicrobial coatings on the surface of the urinary implants [1,3,17]. To date,
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various such coatings have been designed and tested for their anti-microbial activity, resulting in
highly variable success rates in preventing CAUTI. These are discussed below.
2. Anti-Microbial Coatings to Inhibit Bacterial Growth and Adhesion
2.1. Antibiotic Coatings
The use of antibiotics can be traced back to decades ago, with the sulfonamide Prontosil being
the first commercially available antibiotic developed in the 1930s [18]. Ever since then, several other
classes of these bacteriostatic (preventing bacterial growth) or bactericidal (killing bacteria) compounds
have been discovered, each targeting different bacterial functions or growth processes [19]. Initial
approaches to coat device surfaces with antibiotics such as ciprofloxacin, gentamicin, norfloxacin,
and nitrofurazone included dipping the implant into organic solvents containing antibiotics followed
by the evaporation of the solvent and the deposition of the drug onto the device surface [20,21].
While this method was shown to be effective for short-term implants, it was complicated by
uncontrolled release profiles of the drugs resulting in the elution of initial high local concentrations
that may initially damage the cells followed by concentrations that are not inhibitory. Considering
that this will not kill all of the bacteria effectively, it will result in subsequent infection that will be
more difficult to eradicate due to the development of resistance [22]. As such the constant elution
of at least the minimal inhibitory concentration of a given antibiotic is crucial for effective
antibacterial activity.
Another more recent approach to apply antibiotics to implant surfaces is to incorporate the
compounds into biodegradable coatings such that the drugs are released at the rate of the coating’s
degradation [3]. Examples of such coatings are PVP (poly vinyl propylene), polyurethane, and
calcium phosphate [3]. Similarly, enzyme-based drug elution technologies have been examined
including the enzyme lipase B embedded in a polycaprolactone (PCL)-based coating containing the
antibiotic gentamicin sulfate. In this elution mechanism the PCL serves as a substrate for lipase B,
triggering the degradation of the coating with subsequent release of the antibiotic [3]. Despite the
fact that this approach was shown to be effective for up to 16 days, it was abandoned due to problems
with the biocompatibility of lipase B [3].
The combination of different antibiotics has also been shown to behave synergistically in
preventing the adhesion and growth of uropathogens [23]. Using an in vivo rat model, Minardi et al.
were able to demonstrate the efficacy of combining rifampin-soaked ureteral stents with intraperitoneal
injection of tigecycline against the growth and biofilm formation of E. faecalis [23]. However, this
method is only effective when both antibiotics are administered together, as resistance against
rifampin is rapidly acquired by Gram positive bacteria when used alone [23].
2.2. Triclosan
Triclosan is an antimicrobial agent that has been used in consumer products for approximately
40 years [6]. It is a ubiquitous compound that affects both Gram positive and Gram negative
bacteria affecting the stability of their cell walls—and it has been loaded into Foley catheters and
ureteral stents [24–26]. Previous in vivo studies testing the efficacy of triclosan eluting stents in a
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rabbit model of UTI, demonstrated that triclosan-eluting stents significantly decreased the rate of
P. mirabilis associated UTIs and bacterial load in comparison to non-eluting controls [26].
Moreover, Lange et al. were able to show triclosan-eluting stents to be effective in hindering bacterial
adherence of uropathogenic E. coli, Klebsiella pneumoniae, and S. aureus [27]. In patients with
long-term ureteral stents, the biofilm formation was too extensive and the amount of triclosan
loaded into the stent was no match for the bacterial load that overwhelmed the ureteral stent within
3–6 months [28]. Although approved in many parts of the world, the triclosan eluting ureteral stent
(TriumphTM, Boston Scientific Corporation, Marlborough, MA) was never FDA approved due to
the potential concern that it would lead to further antibiotic resistance. Triclosan has never been
shown to elicit any type of bacterial resistance—in vitro or in clinical studies [29]. In patients
stented for less than 4 weeks, this stent did prove to relieve stent symptoms—giving credence to
the theory that the anti-inflammatory effects of triclosan, rather than its antimicrobial effects, may
be its most efficacious property in the urinary tract [30,31].
2.3. Silver
Silver is an effective broad-spectrum antimicrobial agent at low concentrations [2]. Implants
composed from metallic silver have been shown to be inert prior to implantation, yet become
highly reactive and ionize quickly once in contact with bodily fluids [1]. The reactive metal then
generates silver ions capable of modifying bacterial cell walls and membranes, as well as inhibiting
bacterial genome replication [1]. Although this type of metallic implant has been shown to be effective
at preventing infections, patients are faced with significant morbidity including abdominal pain
likely associated with the inflexible nature of the implant. Thus, alternatives such as silver-coated
and silver-impregnated catheters have been proposed [12], however their effectiveness was found
to be highly variable among studies [8]. Previous studies have found negative effects associated
with the catheter materials, as silver-impregnated latex catheters were found to decrease bacterial
adhesion more effectively than silver-impregnated silicone catheters [8]. Moreover, the activity of
the silver particles was shown to be higher when particles are less than 10mm in size, shaped
triangularly rather than spherically, and are present in oxidized rather than reduced forms [4,6].
These limitations significantly complicate the design of highly effective silver-based coatings.
Potential problems associated with these coatings include argyria as a result of prolonged usage [3].
2.4. Hydrogel Coatings
Hydrogel is a hydrophilic, cross-linked polymer capable of absorbing large volumes of liquid [32]
forming a thin layer of water on the coated device surface, preventing conditioning film formation
by preventing the deposition of components including fibrinogen and platelets, that may facilitate
bacterial adhesion [20]. In addition, due to the smooth and lubricious nature of hydrogel-coated
catheters, these implants have been associated with less urethral irritation and inflammation [33].
In one study, hydrogel-coated silicone catheters resulted in 90% less E. faecalis adherence than
uncoated catheters [33], although results from other studies were highly variable. In addition, a
recent study by Elwood et al. has suggested that the presence of a conditioning film on catheter
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surfaces do not increase bacterial adhesion and colonization of urinary device surfaces compared to
unconditioned controls [34].
2.5. Polyvinylpyrrolidone (PVP)
Similar to hydrogel, polyvinylpyrrolidone (PVP) is a hydrophilic, water-soluble polymer,
capable of absorbing 40% of its weight with water [35,36]. Its excellent lubricant properties results
in a soft, smooth and non-adhesive implant surface that facilitates device implantation, and was shown
to reduce the adherence of E. faecalis and device encrustation in vitro, in comparison to uncoated
polyurethane catheters [36].
2.6. Heparin Coating
Heparin is a highly sulfated glycosaminoglycan, often used as an anticoagulant with the highest
negative charge density amongst all known biologic molecules [37]. Three different ways have
been previously used to coat heparin on implant surfaces. These include physically adsorbing
heparin, incorporating heparin into a polymer, and covalently binding heparin to implant surfaces
via a spacer, with the last option being the most effective [37]. Covalently-bound heparin catheters
have been shown to result in no detectable biofilm formation or encrustation for up to 6 weeks
under clinical trials [38,39]. It is believed that the strong electronegativity of the coating repels
microorganisms [37–39]. More recently, however, a study performed by Lange et al. studying
bacterial adhesion to the surface of heparin-coated stents over a period of one week in vitro showed
no decrease in bacterial adhesion to heparin-coated stents [27]. Although heparin coatings show
great clinical performance in vascular catheters, the interaction of material and urine are not as
beneficial as they are in blood making heparin a poor coating for urinary biomaterials.
2.7. Hyaluronic Acid Coating
Hyaluronic acid is a type of glycosaminoglycan [40]. It is an inhibitor of nucleation, growth,
and aggregation of salts. Covalently bound hyaluronic acid catheters have been associated with
increased hydration, decreased adsorption of proteins, and decreased bacterial adhesion [41]. While
promising results were obtained in in vitro studies, the efficacy of hyaluronic acid coated stents in
the clinical setting remains to be determined [41].
2.8. Gendine
Gendine is a novel antiseptic that contains Gentian Violet and chlorhexidine [6]. Catheters
coated with this antiseptic have been shown to resist adherence of several multidrug-resistant
bacteria in comparison to uncoated controls, as assessed by adhesion assays and scanning electron
microscopy for visualizing biofilm formation [42]. When compared to silver hydrogel-coated
catheters in a rabbit model, Gendine-coated urinary catheters were more effective at preventing
bacterial colonization and urinary tract infections from E. coli, P aeruginosa, K. pneumoniae, and
Candida species. Histopathologic examination showed no differences in inflammation between the
silver coated catheters or the gendine antiseptic group.
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2.9. Chitosan Coating
Chitosan is a natural cationic, biodegradable polysaccharide and a weak polyelectrolyte [10,43].
It is a non-toxic biopolymer obtained via chitin deacetylation, and has broad-spectrum activity
against bacteria [10,43]. Although its exact mechanism is unknown, it is hypothesized to result in
leaky cell membranes [10]. Due to its poorly soluble nature, chitosan has had limited capabilities
for its use as a catheter coating. To overcome this limitation, water-soluble quaternised chitosan
derivatives, known as hydroxypropyltrimethyl ammonium chloride chitosan, has been previously
tested as a novel coating [43]. Recent studies have shown quaternised chitosan-loaded
polymethylmethacrylate (PMMA) to be more effective at inhibiting biofilm formation of
methicillin-resistant and non-resistant S. epidermidis and S. aureus than PMMA alone or
gentamicin-loaded PMMA. Interestingly, these coatings were able to down-regulate the expression
of genes encoding for enzymes responsible for biofilm biosynthesis, as demonstrated by real-time
PCR [43].
To further strengthen the anti-adhesive and anti-bacterial capabilities of the chitosan coating,
past researchers have constructed a multilayer film by assembling chitosan heparin in a layer-by-layer
strategy onto aminolyzed poly(ethylene terephthalate) (PET) films [44]. This type of multilayer
coating significantly decreased bacterial adhesion and the number of viable bacteria when
co-incubated with E. coli. This multilayer coating demonstrated further antibacterial activity when
silver nanoparticles were also incorporated [44].
2.10. Low-Energy Surface Acoustic Waves (SAW)
Low-energy acoustic waves transmitted directly to indwelling devices have been shown to
inhibit bacterial adhesion to the implant surface by disrupting the formation of biofilms [45]. With
a portable actuator generating piezoelectric vibrations between frequencies of 100 to 200 kHz,
acoustic waves can be delivered to the surface of catheters [45]. Although there is no actual coating
placed on the surface of implants, the waves cover the entire surface, generating a virtual vibrating
coat [45]. This type of treatment has been shown to significantly inhibit biofilm formation of
E. coli, P. mirabilis, and Candida albicans in comparison to non-vibrating controls [45]. The
results have been confirmed using an in vivo rabbit model, where the treatment maintained sterility
in urine for over one week in comparison to only 2 days in control animals [6,45]. However, to
maintain the vibrating coating, elastic waves would need to be continuously delivered throughout
the implantation process, which may be complicated by the fact that patients would be required to
carry a portable actuator with them at times [45].
2.11. Salicylic Acid-Releasing Polyurethane Acrylate Polymers
Salicylic acid is a metabolite of aspirin, and has been known to have various effects on bacteria [46].
A recently studied salicylic-acid eluting coating involves ultraviolet-cured polyurethane acrylate
polymer containing salicyl acrylate [1]. Under aqueous environments, the polymer hydrolyzes and
releases salicylic acid, leaving the backbone intact. The rate of salicylic acid release is dependent
upon the composition of the polymer, and the release of such acid was shown to inhibit biofilm

99
formation of S. epidermidis, Bacillus subtilis, E. coli, P. aeruginosa, as well as S. aureus [1]. The
effect was measured via a MBEC assay biofilm multi-peg growth system and bioluminescence
monitoring, and the coated catheters were shown to be effective against biofilm formation of
E. coli in vitro up to 5 days [1]. Although the mechanism is currently unknown, it is believed to
hinder bacterial quorum sensing [1].
2.12. Antimicrobial Peptides Conjugated to Co-Polymer Brushes
Another more recent coating being studied in other areas of medicine includes antimicrobial
peptides (AMPs) coatings [47]. These peptides are generally short, comprised of 10 to 50 residues
of mainly lysine and arginine, making the peptide cationic [47,48]. Although the mechanism of
action is not well understood, AMPs are believed to mainly disrupt the bacterial cell wall and cell
membrane as well as affect DNA or RNA replication, protein synthesis, and many other bacterial
processes [47]. Since AMPs are broad-spectrum and most likely target many processes rather than
just one specific target, the likelihood of bacteria generating resistance against the peptides are
relatively low, making them excellent antimicrobial agents [49]. In a recent study, antimicrobial
peptides were coated on titanium implants via conjugation with hydrophilic polymer brushes [47].
These tethered peptides were capable of inhibiting bacterial growth both in vitro and in vivo using
rat models [47]. During in vivo models, not only did the peptides show antibacterial effect, they also
appeared to possess wound-healing effects [50]. Indeed, despite the promising results seen with
AMPs, there are still caveats associated with the coatings. These include potential local toxicity,
pH sensitivity, sensitization and allergy after repeated exposures, susceptibility to proteolysis, and
the high cost of synthesis [49]. Despite this, the fact that AMPs can be easily modified to decrease
these effects, their effectiveness as a catheter coating warrants further investigation as a novel
approach to prevent bacterial adhesion and associated infection.
3. Conclusions
Although numerous antimicrobial coatings have been applied to ureteral stents and urinary
catheters in an attempt to reduce CAUTI resulting from bacterial growth and adhesion on the
medical devices, few of them of been shown to be fully effective. One of the major complications
associated with antibiotic based coatings is the development of resistance. More novel antimicrobial
agents, such as low-energy acoustic waves and antimicrobial peptides, are capable of avoiding
this complication. However, in turn they may face other problems such as high cost of delivery or
synthesis and potential toxicity. Recent studies have attempted to combine several antimicrobial
agents into a single coating, such as the incorporation of several antibiotics into one coating or the
multilayered heparin-chitosan film. However, further scientific and clinical studies are required
before the ideal antimicrobial coating can be identified and introduced into clinical practice.
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Chapter 10
In Vitro Antibiofilm Efficacies of Different Antibiotic
Combinations with Zinc Sulfate against Pseudomonas
aeruginosa Recovered from Hospitalized Patients with
Urinary Tract Infection
Walid Elkhatib and Ayman Noreddin

Abstract: Urinary tract infections (UTIs) are a serious healthcare dilemma influencing
millions of patients every year and represent the second most frequent type of body infection.
Pseudomonas aeruginosa is a multidrug-resistant pathogen causing numerous chronic
biofilm-associated infections including urinary tract, nosocomial, and medical devices-related
infections. In the present study, the biofilm of P. aeruginosa CCIN34519, recovered from
inpatients with UTIs, was established on polystyrene substratum and scanning electron
microscopy (SEM) and was utilized for visualization of the biofilm. A previously described
in vitro system for real-time monitoring of biofilm growth/inhibition was utilized to assess the
antimicrobial effects of ciprofloxacin, levofloxacin, moxifloxacin, norfloxacin, ertapenem,
ceftriaxone, gentamicin, and tobramycin as single antibiotics as well as in combinations
with zinc sulfate (2.5 mM) against P. aeruginosa CCIN34519 biofilm. Meanwhile, minimum
inhibitory concentrations (MICs) at 24 h and mutant prevention concentrations (MPCs) at 96 h
were determined for the aforementioned antibiotics. The real-time monitoring data revealed
diverse responses of P. aeruginosa CCIN34519 biofilm to the tested antibiotic-zinc sulfate
combinations with potential synergisms in cases of fluoroquinolones (ciprofloxacin,
levofloxacin, moxifloxacin, and norfloxacin) and carbapenem (ertapenem) as demonstrated
by reduced MIC and MPC values. Conversely, considerable antagonisms were observed with
cephalosporin (ceftriaxone) and aminoglycosides (gentamicin, and tobramycin) as shown by
substantially increased MICs and MPCs values. Further deliberate in vivo investigations for
the promising synergisms are required to evaluate their therapeutic potentials for treatment of
UTIs caused by P. aeruginosa biofilms as well as for developing preventive strategies.
Reprinted from Antibiotics. Cite as: Elkhatib, W.; Noreddin, A. In Vitro Antibiofilm Efficacies of
Different Antibiotic Combinations with Zinc Sulfate against Pseudomonas aeruginosa Recovered
from Hospitalized Patients with Urinary Tract Infection. Antibiotics 2014, 3, 64-84.

1. Introduction
Biofilm associated infections tend to be reluctant and difficult to eradicate [1]. The increased
antibiotic resistance of biofilms was generally attributed to the biofilm-associated patterns of
gene expression, slow growth rate, and substantially diminished antimicrobial diffusion within the
biofilm [2]. Biofilms are considered relevant to the clinical settings because they play key roles in
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the ability of biofilm-ensconced bacteria to tolerate relatively high therapeutic doses of antibiotics
and persist in chronic infections [3,4]. Urinary tract infections (UTIs) are one of the most common
bacterial infections affecting humans all through their life period [5,6]. UTIs are responsible for
more than eight million visits to clinicians and more than two million admissions to the emergency
rooms in the United States annually [6,7]. Furthermore, UTIs are the most common urological
disease in the United States, with a financial burden on the healthcare system exceeding $3.5 billion
annually [8].
Pseudomonas aeruginosa is an important opportunistic human pathogen and is eminent for chronic
infections including medical device-associated infections as well as urinary tract infections [9]. The
urinary tract infection (UTI) caused by P. aeruginosa is a serious health problem affecting millions
of people worldwide each year and catheterization of the urinary tract is one of the most common
predisposing factors to such infections [6]. Indisputably, biofilm formation was considered to be
the key feature of P. aeruginosa survival in chronic infections, and extracellular matrices of
the biofilms provide structural scaffold and protective barricade against antibiotics [10,11]. In
P. aeruginosa biofilm, the efficacy of the antimicrobial chemotherapy may be attenuated not only
by deficiency of antibiotics access caused by the sheltered bacteria within the exopolysaccharide
alginate matrix but also by emergence of the mutant subpopulations [12].
Fluoroquinolones, β-lactams and aminoglycosides are the main classes of antibiotics used for
treatment of P. aeruginosa infections. Unfortunately, the multi-drug resistant isolates of P. aeruginosa
which patients are often exposed to in hospital settings are resistant to one or more of these
antibiotic classes [13–17]. Selective pressure due to excessive exposure of bacteria to antibiotics is
generally the origin of such high incidence of resistance in the hospitals environment. Intensive
care units (ICU) and long-term care facilities are also notorious worldwide for harboring multi-drug
and pan-drug resistant P. aeruginosa strains [17,18]. Owing to the unmet medical needs of novel
antimicrobial agents [19,20], the use of combination therapy has gained attention as an option
strategy for combating P. aeruginosa biofilm associated infections [21–23]. Zinc is a vital trace
element required for virtually all forms of life [24]. It is also essential for all bacteria, but surplus
amounts of the metal can possess toxic effects on them [25] and zinc chelation with nitroxoline,
a urinary antibiotic, induced the dispersal of P. aeruginosa biofilms [26]. In this context, the objective
of the current study was to evaluate the antimicrobial interactions of different fluoroquinolones,
carbapenem, cephalosporin, and aminoglycosides with zinc sulfate against biofilm of the uro-pathogen,
P. aeruginosa CCIN34519, through implementation of in vitro real-time monitoring system.
2. Results and Discussion
2.1. Scanning Electron Microscopy of the Biofilm
Variable pressure scanning electron microscopy was used for visualization of the biofilm on
polystyrene plates after 12 h of incubation in absence of physical distortion or gold coating of the
biofilm. The SEM demonstrated a well-established P. aeruginosa CCIN34519 biofilm as shown in
Figure 1.
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Figure 1. Colored scanning electron micrograph illustrating the appearance of
P. aeruginosa CCIN34519 biofilm on polystyrene substratum.

2.2. Real-Time Monitoring of P. aeruginosa CCIN34519 Biofilm
The effect of different concentrations of ciprofloxacin (0.1–1.6 µg/mL) alone on P. aeruginosa
CCIN34519 biofilm as compared to the control (cation adjusted Mueller Hinton II; CAMH
broth) is shown in Figure 2a. The minimum inhibitory concentration (MIC) and mutant prevention
concentration (MPC) of ciprofloxacin against P. aeruginosa CCIN34519 biofilm, as determined by
kinetic measurements by means of the Bioscreen C, were 0.8 µg/mL at 24 h and 1.6 µg/mL at 96 h,
respectively. Real-time monitoring data showed that ciprofloxacin alone inhibited the biofilm
growth for 4, 8, 20, and 38 h with the tested concentration levels of 0.1, 0.2, 0.4, and 0.8 µg/mL,
respectively. For the untreated biofilm, microbial growth from P. aeruginosa CCIN34519 biofilm
exponentially increased and reached the peak at 10 h of incubation, followed by a gradual decline
for up to 35 h, and finally maintained the plateau until the end of the experiment (Figure 2a). In this
study, zinc sulfate concentration (2.5 mM) was selected as the highest concentration that had no
inhibitory effect on the growth of P. aeruginosa CCIN34519 biofilm as shown in Figure 2b. In the
presence of zinc sulfate (2.5 mM), the MIC and MPC of ciprofloxacin against P. aeruginosa
CCIN34519 biofilm decreased to 0.2 µg/mL at 24 h and 0.4 µg/mL at 96 h, respectively.
Furthermore, ciprofloxacin could inhibit the biofilm growth for 17 and 60 h at concentration levels
of 0.1, and 0.2 µg/mL, respectively (Figure 2b).
The MIC and MPC of levofloxacin against P. aeruginosa CCIN34519 biofilm were 4.0 µg/mL
and 8.0 µg/mL, respectively, and levofloxacin alone inhibited the biofilm growth for 18, 22, and
30 h with the concentration levels of 1.0, 2.0, and 4.0 µg/mL, respectively (Figure 3a). On the other
hand, the MIC and MPC of levofloxacin, in the presence of zinc sulfate (2.5 mM), were curtailed to
0.25 µg/mL and 0.5 µg/mL, respectively. Furthermore, levofloxacin inhibited the biofilm growth
for 20 and 36 h at concentration levels of 0.13, and 0.25 µg/mL, respectively (Figure 3b).
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Figure 2. Real-time data showing the effect of (a) Ciprofloxacin alone (0.1–1.6 µg/mL)
and (b) Ciprofloxacin (0.1–1.6 µg/mL) in combination with zinc sulfate (2.5 mM) on
P. aeruginosa CCIN34519 biofilm as monitored by the Bioscreen C over 96 h. Control
represents cation adjusted Mueller Hinton II broth (CAMH) while, ZnSO4 indicates
CAMH broth supplemented with 2.5 mM zinc sulfate.

(a)

(b)
For moxifloxacin, the MIC and MPC of against P. aeruginosa CCIN34519 biofilm, as determined
by kinetic measurements, were 16 µg/mL and 32 µg/mL, respectively. Real-time monitoring data
demonstrated that moxifloxacin alone suppressed the biofilm growth for 15 and 50 h with the
tested concentration levels of 8 and 16 µg/mL, respectively (Figure 4a). In the presence of zinc
sulfate (2.5 mM), the MIC and MPC of moxifloxacin against P. aeruginosa CCIN34519 biofilm
reduced to 2.0 µg/mL and 8.0 µg/mL, respectively. Furthermore, moxifloxacin could inhibit the
biofilm growth for up to 20, 32 and 58 h at concentration levels of 1.0, 2.0 and 4.0 µg/mL,
respectively (Figure 4b).
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Figure 3. Real-time data showing the effect of (a) Levofloxacin alone (0.13–8.00 µg/mL)
and (b) Levofloxacin (0.13–8.00 µg/mL) in combination with zinc sulfate (2.5 mM) on
P. aeruginosa CCIN34519 biofilm as monitored by the Bioscreen C over 96 h. Control
represents cation adjusted Mueller Hinton II broth (CAMH) while, ZnSO4 indicates
CAMH broth supplemented with 2.5 mM zinc sulfate.

(a)

(b)
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Figure 4. Real-time data showing the effect of (a) Moxifloxacin alone (1.0–32.0 µg/mL)
and (b) Moxifloxacin (1.0–32.0 µg/mL) in combination with zinc sulfate (2.5 mM) on
P. aeruginosa CCIN34519 biofilm as monitored by the Bioscreen C over 96 h. Control
represents cation adjusted Mueller Hinton II broth (CAMH) while, ZnSO4 indicates
CAMH broth supplemented with 2.5 mM zinc sulfate.

(a)

(b)
Regarding norfloxacin, the MIC and MPC against P. aeruginosa CCIN34519 biofilm were
5.0 µg/mL and 10.0 µg/mL, respectively. Norfloxacin suppressed the biofilm slightly above the
baseline and completely at the baseline for 28 and 47 h at concentration levels of 2.5 and 5.0 µg/mL,
respectively and its lower concentrations (0.63–1.25 µg/mL) could not suppress the biofilm (Figure 5a).
On the other hand, the MIC and MPC of norfloxacin, in the presence of zinc sulfate (2.5 mM),
diminished to 1.25 µg/mL and 2.5 µg/mL, respectively. Furthermore, norfloxacin inhibited the
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biofilm growth for 26 and 96 h at concentration levels of 1.25 and 2.5 µg/mL, respectively
(Figure 5b).
Figure 5. Real-time data showing the effect of (a) Norfloxacin alone (0.63–10.0 µg/mL)
and (b) Norfloxacin (0.63–10.0 µg/mL) in combination with zinc sulfate (2.5 mM) on
P. aeruginosa CCIN34519 biofilm as monitored by the Bioscreen C over 96 h. Control
represents cation adjusted Mueller Hinton II broth (CAMH) while, ZnSO4 indicates
CAMH broth supplemented with 2.5 mM zinc sulfate.

(a)

(b)
The MIC and MPC of ertapenem against P. aeruginosa CCIN34519 biofilm maintained the
same value of 20 µg/mL. Real-time data demonstrated that ertapenem alone suppressed the biofilm
growth for 5 and 10 h at concentration levels of 5 and 10 µg/mL, respectively. Moreover, both
concentrations markedly abridged the biofilm growth for up to 30 h and the biofilm maintained a
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prominent low level of microbial growth from 30–96 h of incubation with ertapenem (10 µg/mL)
as compared to the control (Figure 6a). In the presence of zinc sulfate (2.5 mM), both MIC and
MPC of ertapenem against P. aeruginosa CCIN34519 biofilm reduced to 10 µg/mL. Furthermore,
ertapenem inhibited the biofilm growth for up to 5 and 96 h at concentration levels of 5 and
10 µg/mL, respectively and the biofilm showed a marked reduction of the microbial growth over
96 h with ertapenem (5 µg/mL) as compared to the control (Figure 6b).
Figure 6. Real-time data showing the effect of (a) Ertapenem alone (5.0–40.0 µg/mL)
and (b) Ertapenem (5.0–40.0 µg/mL) in combination with zinc sulfate (2.5 mM) on
P. aeruginosa CCIN34519 biofilm as monitored by the Bioscreen C over 96 h. Control
represents cation adjusted Mueller Hinton II broth (CAMH) while, ZnSO4 indicates
CAMH broth supplemented with 2.5 mM zinc sulfate.

(a)

(b)
Concerning ceftriaxone, the MIC and MPC against P. aeruginosa CCIN34519 biofilm were
80 µg/mL and 640 µg/mL, respectively. Depending on the kinetic data, ceftriaxone alone inhibited
the biofilm growth for 20, 28, 48, and 57 h with the tested concentration levels of 40, 80, 160, and
320 µg/mL, respectively (Figure 7a). Conversely, the MIC and MPC of ceftriaxone, in presence of
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zinc sulfate (2.5 mM), considerably increased to 320 µg/mL and >640 µg/mL, respectively.
Additionally, ceftriaxone-zinc sulfate (2.5 mM) combination could inhibit the biofilm growth for
up to 5, 8, 16, 40, and 72 h at concentration levels of 40, 80, 160, 320, and 640 µg/mL, respectively,
but none of the tested ceftriaxone concentrations could suppress P. aeruginosa CCIN34519 biofilm
over 96 h (Figure 7b).
Figure 7. Real-time data showing the effect of (a) Ceftriaxone alone (40–640 µg/mL)
and (b) Ceftriaxone (40–640 µg/mL) in combination with zinc sulfate (2.5 mM) on
P. aeruginosa CCIN34519 biofilm as monitored by the Bioscreen C over 96 h. Control
represents cation adjusted Mueller Hinton II broth (CAMH) while, ZnSO4 indicates
CAMH broth supplemented with 2.5 mM zinc sulfate.

(a)

(b)
With gentamicin, the MIC and MPC against P. aeruginosa CCIN34519 biofilm maintained
the same value of 12.5 µg/mL. Gentamicin suppressed the biofilm to some extent above the baseline
and entirely at the baseline for 20 and 96 h at concentration levels of 6.25 and 12.5 µg/mL, respectively
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and its lower concentrations (1.56–3.13 µg/mL) could not suppress the biofilm (Figure 8a). On the
contrary, the MIC and MPC of gentamicin, in presence of zinc sulfate (2.5 mM), substantially increased
to 25 µg/mL and 50 µg/mL, respectively. Furthermore, gentamicin partially suppressed the biofilm
growth, parallel to the baseline at 6.25 and 12.5 µg/mL for 18 and 30 h, respectively, but completely
inhibited it at 25 µg/mL for 75 h. Lower concentrations of gentamicin (1.56–3.13 µg/mL) in
combination with zinc sulfate (2.5 mM) could not inhibit the biofilm and demonstrated higher
growth rate over the initial 10 h of the incubation period as compared to that of gentamicin alone
(Figure 8b).
Figure 8. Real-time data showing the effect of (a) Gentamicin alone (1.56–50.0 µg/mL)
and (b) Gentamicin (1.56–50.0 µg/mL) in combination with zinc sulfate (2.5 mM) on
P. aeruginosa CCIN34519 biofilm as monitored by the Bioscreen C over 96 h. Control
represents cation adjusted Mueller Hinton II broth (CAMH) while, ZnSO4 indicates
CAMH broth supplemented with 2.5 mM zinc sulfate.

(a)

(b)
Regarding tobramycin, the MIC and MPC against P. aeruginosa CCIN34519 biofilm were
4.0 µg/mL and 8.0 µg/mL, respectively. Tobramycin alone could inhibit the biofilm growth for
22 and 64 h at concentration levels of 2.0 and 4.0 µg/mL, respectively (Figure 9a). Quite the
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opposite, the MIC and MPC of tobramycin, in the presence of zinc sulfate (2.5 mM), noticeably
increased to 16 µg/mL and 32 µg/mL, respectively. Moreover, tobramycin partially suppressed the
biofilm growth at 8.0 µg/mL for 22 h and completely inhibited it at 16 µg/mL for 76 h. Similar to
gentamicin, lower concentrations of tobramycin (1.0–4.0 µg/mL) in combination with zinc sulfate
(2.5 mM) could not inhibit the biofilm and showed a higher growth rate over the initial 12 h of the
incubation period as compared to that of tobramycin alone (Figure 9b).
Figure 9. Real-time data showing the effect of (a) Tobramycin alone (1.0–32.0 µg/mL)
and (b) Tobramycin (1.0–32.0 µg/mL) in combination with zinc sulfate (2.5 mM) on
P. aeruginosa CCIN34519 biofilm as monitored by the Bioscreen C over 96 h. Control
represents cation adjusted Mueller Hinton II broth (CAMH) while, ZnSO4 indicates
CAMH broth supplemented with 2.5 mM zinc sulfate.

(a)

(b)
The synergistic and antagonistic effects of zinc sulfate (2.5 mM) on different tested antibiotics
against P. aeruginosa CCIN34519 biofilm are summarized in Table 1.
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Table 1. Effects of zinc sulfate on different antibiotics minimum inhibitory
concentrations (MICs) and mutant prevention concentrations (MPCs) against
P. aeruginosa CCIN34519 biofilm.
Antibiotic

Class

Ciprofloxacin

Biofilm Without Zinc Sulfate

Biofilm With Zinc Sulfate *

Anti-biofilm Efficacy

MIC (24 h)

MPC (96 h)

MIC (24 h)

MPC (96 h)

of Combination

Fluoroquinolone

0.8

1.6

0.20

0.40

Synergistic

Levofloxacin

Fluoroquinolone

4.0

8.0

0.25

0.50

Synergistic

Moxifloxacin

Fluoroquinolone

16

32

2.0

8.0

Synergistic

Norfloxacin

Fluoroquinolone

5.0

10

1.25

2.5

Synergistic

Ertapenem

Carbapenem

20

20

10

10

Synergistic

Ceftriaxone

Cephalosporin

80

640

320

> 640

Antagonistic

Gentamicin

Aminoglycoside

12.5

12.5

25

50

Antagonistic

Tobramycin

Aminoglycoside

4.0

8.0

16

32

Antagonistic

* Zinc sulfate concentration (2.5 mM); MIC = Minimum Inhibitory Concentration; MPC = Mutant
Prevention Concentration.

According to the MICs interpretive standards stated by Clinical and Laboratory Standards
Institute (CLSI) [27], P. aeruginosa CCIN34519 biofilm were susceptible to ciprofloxacin and
tobramycin; of intermediate resistance to levofloxacin, norfloxacin and gentamicin; and resistant to
moxifloxacin, ertapenem and ceftriaxone. Concerning MPC at 96 h, P. aeruginosa CCIN34519
biofilm was considered to demonstrate intermediate resistance to ciprofloxacin, norfloxacin,
gentamicin and tobramycin; and be resistant to levofloxacin, moxifloxacin, ertapenem and
ceftriaxone. In the presence of zinc sulfate (2.5 mM), P. aeruginosa CCIN34519 biofilm was
susceptible to ciprofloxacin, levofloxacin, moxifloxacin and norfloxacin; demonstrate intermediate
resistance to ertapenem; and be resistant to ceftriaxone, gentamicin, and tobramycin. On the other
hand, at 96 h and in combination with zinc sulfate (2.5 mM), P. aeruginosa CCIN34519 biofilm
maintained its susceptibilities to ciprofloxacin, levofloxacin and norfloxacin; revealed intermediate
resistance to moxifloxacin, and ertapenem; and showed resistance to ceftriaxone, gentamicin,
and tobramycin.
2.3. Discussion
Bacterial biofilms represent global and predominant causes of both chronic infections and
indwelling medical devices associated infections such as catheters and prostheses. Such infections
typically exhibit significantly enhanced resistance to antimicrobial agents rendering them challenging
to treat using conventional chemotherapeutic agents [28]. Standard doses of the antibiotic therapy
can reduce the biofilm but rarely eradicates the entire biofilm [29,30]. Some theories attributed the
antimicrobial resistance of the biofilm to its physical architecture, mutations, and altered gene
expression patterns [31–33]. P. aeruginosa is one of the predominant causes of UTIs, nosocomial
and intensive care unit-associated infections that occur annually worldwide [6,34]. As a consequence
of biofilm formation, frequency of the resistant P. aeruginosa isolates present in clinical settings
has been radically increased, thereby mandating the development of alternative therapeutic
strategies [35]. In this context, P. aeruginosa biofilms have demonstrated resistance to different
classes of antibiotics including ciprofloxacin (fluoroquinolone), ceftazidime (cephalosporin), and
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tobramycin (aminoglycoside) at concentrations far superior to the therapeutically achievable
concentrations [36,37] and one hypothesis explaining biofilm resistance proposes the existence of
the persister cells within the biofilm which are metabolically inactive and consequently are not
destroyed by antimicrobial agents [38–41].
In the current study, the results of the SEM revealed that P. aeruginosa CCIN34519 biofilm
could extensively colonize the polystyrene substratum within 12 h of incubation as well as to
develop a relatively uniform architecture. Some investigators reported that a thick P. aeruginosa
biofilm on surface of the polyethylene tubing was observed by SEM at 48 h in their in vivo
experiments and repeatable pattern of cell death and lysis has been shown in P. aeruginosa biofilm
during its development [42]. The difference in time of the biofilm establishment may be attributed
to the experimental design and strain difference as well as nature of the used substrata. Main factors
influencing the biofilm development may include temperature, nutrient composition, aeration, flow
rate, and history of the cultures used for the inoculation, thus the experimental reproducibility can
be extensively improved if these factors have been considered [43]. In the present study, the above
mentioned variables were efficiently controlled in the conducted experiments through utilizing the
Bioscreen C technology.
It has been demonstrated that P. aeruginosa isolates were more resistant to growth inhibition by
antibiotics when grown in biofilm cultures than when grown in planktonic ones [44,45]. For that
reason, the failure of conventional planktonic culture techniques to predict antibiotic susceptibilities
may explain inability of the antimicrobial agents to eradicate P. aeruginosa biofilm-associated
UTIs. In view of that, all the experiments in this study were carried on the biofilm of P. aeruginosa
CCIN34519 strain recovered from hospitalized patients with urinary tract infection through
NAUTICA study [46].
It was previously reported that zinc oxide showed antibacterial and antifungal activity against
planktonic cultures of some tested micro-organisms in a concentration dependent manner [47].
Moreover, complexed zinc with protoporphyrin IX or mesoprotoporphyrin IX were both highly
effective in negating planktonic growth and biofilm formation of some tested bacteria and these
zinc complexes act as iron siderophore analogs by supplanting the natural iron uptake of the tested
bacteria [48]. P. aeruginosa regulates multiple genes by the zinc-dependent DksA transcriptional
regulator at low zinc conditions. Nevertheless, excess amounts of this trace element can be potentially
lethal for the bacteria. Thus, most bacteria have developed systems for both zinc acquisition and
detoxification [25]. Concerning the MIC values in this study, zinc sulfate (2.5 mM) could increase
the efficacies of ertapenem, ciprofloxacin, levofloxacin, moxifloxacin, and norfloxacin by 2, 4, 16,
8, and 4 folds, respectively, but decreased the efficacies of ceftriaxone, gentamicin, and tobramycin
by 4, 2, and 4 folds, respectively, on P. aeruginosa CCIN34519 biofilm. Previous studies mentioned
that doses of the antibiotics required to inhibit or eradicate the established biofilms frequently
exceed the maximum achievable plasma concentrations for such antibiotics [44,45] and retention of
the antibiotics in the anti-pseudomonal cache is a critical issue throughout the world as there is
a limited number of effective drugs for treatment of P. aeruginosa infections [49]. Generally,
fluoroquinolones have a broad spectrum of antimicrobial coverage and ciprofloxacin and, in particular,
is one of the relatively effective antibiotics against P. aeruginosa infections in clinical settings [50,51].
Although P. aeruginosa CCIN34519 biofilm revealed no susceptibility at 96 h to all the tested
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antibiotics, the biofilm maintained its susceptibility to three fluoroquinolones (ciprofloxacin
[MPC = 0.4 µg/mL], levofloxacin [MPC = 0.5 µg/mL], and norfloxacin [MPC = 2.5 µg/mL]) out
of the eight tested antibiotics in the presence of zinc sulfate (2.5 mM) reserving such drugs as
effective agents and within the therapeutically achievable concentrations for treatment of
P. aeruginosa CCIN34519 biofilm in UTIs.
Prior to mutant selection or acquisition of exogenous resistance, P. aeruginosa possesses
powerful efflux pumps to eliminate almost all classes of antibiotics [49,52] and the concept of its
being a super bug was built on such a foundation [13]. The reported MPCs for some fluoroquinolones
against P. aeruginosa ranged from 2 to >32.0 µg/mL depending on the study and the bacterial
genotype. Nevertheless, the first-step par C gene mutation dramatically increases the MPC far
above the original MPC [53–56]. Consistent with these findings, MPCs of the tested fluoroquinolones
in this study ranged from 1.6–32.0 µg/mL against P. aeruginosa CCIN34519 biofilm. On the other
hand, range of the MPCs for such fluoroquinolones prominently decreased to 0.4–8.0 µg/mL in
combination with zinc sulfate (2.5 mM). In presence of zinc sulfate (2.5 mM), real-time data
revealed that the tested fluoroquinolones (ciprofloxacin, levofloxacin, moxifloxacin, and norfloxacin)
at lower concentrations (0.2, 0.25, 4.0, and 1.25 µg/mL, respectively) could suppress the growth of
P. aeruginosa CCIN34519 biofilm for longer periods of time (60, 36, 58, and 26 h, respectively)
and ertapenem (5.0 µg/mL) noticeably reduced the biofilm growth as compared to such antibiotics
alone at the same concentration levels. Consequently, these antibiotics may afford better antimicrobial
coverage against P. aeruginosa biofilm for extended duration and within the same therapeutic
doses in case of concomitant administrations with zinc sulfate.
The potential for serious antagonistic effects by zinc sulfate (2.5 mM) combination with
cephalosporin (ceftriaxone) or aminoglycosides (gentamicin and tobramicin) underscores the
inevitability to circumvent the concomitant administration of over the counter (OTC) zinc sulfate
containing preparations with the prescribed cephalosporins and aminoglycosides during the therapy
of P. aeruginosa biofilm related infections such as nosocomial catheter-associated UTI as well as
soft tissue infections. In the current study, the observed antagonism by zinc sulfate combination
with gentamicin and tobramicin against P. aeruginosa CCIN34519 biofilm may be attributed to
general interference of the divalent cations with the uptake of the aminoglycosides at both the outer
and inner membranes in P. aeruginosa [57]. On the other hand, zinc sulfate (2.5 mM) demonstrated
synergistic and antagonistic effects in combination with ertapenem and ceftriaxone, respectively.
These paradoxical effects with the tested β-lactam antibiotics may be explained by the variable zinc
affinities to different metallo-beta-lactamases [58]. Fortunately, the UTI patients infected with
P. aeruginosa biofilm may possess an edge in overcoming the infection when ertapenem or
fluoroquinolones (ciprofloxacin, levofloxacin, moxifloxacin, and norfloxacin) have been prescribed
with simultaneous administration with zinc sulfate-containing preparations and such cases should be
deliberately investigated.
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3. Experimental
3.1. Bacterial Strain and Antimicrobial Agents
P. aeruginosa CCIN34519 strain used in this study was recovered from hospitalized patients
with urinary tract infection through North American Urinary Tract Infection Collaborative Alliance
(NAUTICA) study [46]. Before each experiment, P. aeruginosa CCIN34519 was sub-cultured on
Mueller Hinton agar and incubated for 18–20 h at 37 °C. The inoculum was then prepared in
cation-adjusted Mueller Hinton II broth (CAMH) and diluted to match 0.5 McFarland standard,
which is equivalent to 1.5 × 108 CFU/mL. Ceftriaxone sodium, ciprofloxacin hydrochloride,
gentamicin sulfate, levofloxacin, moxifloxacin hydrochloride, norfloxacin, tobramycin, and zinc sulfate
heptahydrate were purchased from Sigma-Aldrich (St. Louis, MO, USA). Ertapenem disodium
powder was obtained from Thermo-Fisher Scientific (Waltham, MA, USA). All antibiotic stock
solutions and dilutions were prepared according to the Clinical and Laboratory Standards Institute
(CLSI) guidelines [27]. Stock solutions of the antibiotics were stored at −80 °C and aliquots of
such solutions were thawed at room temperature and diluted in CAMH broth before each experiment.
3.2. Scanning Electron Microscopy (SEM)
For visualization of P. aeruginosa CCIN34519 biofilm, overnight broth culture of P. aeruginosa
CCIN34519 in CAMH broth was diluted in PBS to 1.5 × 108 CFU/mL using 0.5 McFarland
equivalence turbidity standards (Thermo Scientific Remel™, Lenexa, KS, USA). The cell
suspension was used to inoculate sterile CAMH broth at final bacterial count of 1.5 × 10 6 CFU/mL
and 1.5 mL aliquots of the inoculated broth was distributed in 24-well polystyrene plates (Corning
Costar®, Corning, NY, USA). The plates were incubated for 12 h at 37 °C without shaking. After
incubation, the supernatant was carefully decanted and the wells were washed twice with 2 mL
PBS to remove the unattached or loosely attached bacterial cells. Fixation of P. aeruginosa
CCIN34519 biofilm was conducted at 4 °C with 10% glutaraldehyde (Sigma-Aldrich) for 24 h.
Subsequently, the wells were rinsed with a graded series (30%, 50%, 70%, and 100% v/v) of ethanol
(Fisher Scientific, Waltham, MA, USA) for dehydration of biofilm specimens and the wells were then
entirely air dried prior to SEM examinations [59]. The photo was captured using variable pressure
JEOL scanning electron microscope (Model JSM-6490LV, Peabody, MA, USA) outfitted with a
tungsten filament of 10 kV accelerating voltages and chamber variable pressure from 60–70 Pa. The
adjustable pressure operation enables lower vacuum to exist at the sample chamber. This feature
makes it possible to directly observe frozen or non-conductive specimens. The variable pressure
chamber of JSM-6490LV also provides a positively ionized gas immediately above the specimen
that in turn dissipates the negative charges that accumulate on the sample surface during scanning
and interfere with image acquisition. In view of that, non-conductive biofilm specimens can be
imaged without application of a conductive gold coating.
3.3. Real-Time Monitoring of P. aeruginosa CCIN34519 Biofilm
A previously described in vitro system for real-time monitoring of biofilm growth/inhibition [60]
was utilized with minor adaptations to assess the antimicrobial effects of as single antibiotics as
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well as in combinations with zinc sulfate (2.5 mM) against P. aeruginosa CCIN34519 biofilm.
Initial log phase inocula (1 × 106 CFU/mL) of P. aeruginosa CCIN34519 cultures were seeded
(150 µL/well) into 100-well polystyrene honeycomb plates (Growth Curves USA, Piscataway, NJ,
USA). P. aeruginosa CCIN34519 biofilms were allowed to develop in the incubator over 12 h
at 37 °C. After incubation, each well of the honeycomb plates were carefully rinsed twice with
150 µL sterile saline for removal of planktonic cells using digital multichannel pipettor adapted for this
system. Cation-adjusted Mueller Hinton II (CAMH) broths supplemented with two-fold escalating
concentrations of ciprofloxacin, levofloxacin, moxifloxacin, norfloxacin, ertapenem, ceftriaxone,
gentamicin, and tobramycin as single antibiotics as well as in combinations with zinc sulfate
(2.5 mM) were prepared and transferred to the established P. aeruginosa CCIN34519 biofilm
(250 µL/well) in the honeycomb plates. Plates containing treated, untreated P. aeruginosa
CCIN34519 biofilm, and negative controls were then placed in the preheated incubating chamber of
the Bioscreen C which was programmed to maintain a temperature at 37 °C without shaking.
Growth control wells of P. aeruginosa CCIN34519 biofilm treated with CAMH and CAMH spiked
with zinc sulfate (2.5 mM) were also implemented in each experiment. Furthermore, negative
controls containing CAMH only, CAMH spiked with zinc sulfate (2.5 mM), and CAMH broths
supplemented with the above mentioned antibiotics as single agents as well as in combinations
with zinc sulfate (2.5 mM) without the biofilm were also involved in the experiments to assure the
sterility and stability of their optical density readings overall during 96 h of the incubation period.
In real-time, P. aeruginosa CCIN34519 biofilm growth/inhibition was monitored using the
automated technology of Bioscreen C (Growth Curves USA). The Bioscreen C monitors microbial
growth through determining the optical densities in each well. Alterations in the optical densities
due to the microbial growth or lysis from the biofilm were measured kinetically with an advanced
photometrical technology of the Bioscreen C. A wide-band filter with spectrum range of 420–580 nm
was used to measure the optical densities in all experiments. This filter has been utilized in the
biofilm research because its sensitivity is not affected by the color transformation resulting from
the growth of P. aeruginosa biofilm [60]. Each biofilm growth curve was repeated three times and
the optical density values over 96 h were robotically recorded at 1 h intervals using EZExperiment
software (Growth Curves USA) and exported to spread sheets for processing and graphical
presentation. Minimum inhibitory concentration (MIC) of the biofilm was defined as the antibiotic
concentration at which the optical density remains at the baseline (0.2–0.3) at the 24 h time point,
while mutant prevention concentration (MPC) was reported as the antibiotic concentration that
prevents growth and development of the resistant subpopulations from the biofilm at 96 h time
point [60,61].
4. Conclusions
This study demonstrated a heterogeneous range of anti-biofilm efficacies of the antibiotics in
combination with zinc sulfate (2.5 mM) against P. aeruginosa CCIN34519 biofilm with potential
synergisms in cases of fluoroquinolones (ciprofloxacin, levofloxacin, moxifloxacin, and norfloxacin)
and carbapenem (ertapenem) as demonstrated by the reduction of their MICs and MPCs.
On the contrary, considerable antagonisms were observed with cephalosporin (ceftriaxone) and
aminoglycosides (gentamicin, and tobramycin) as shown by the increment of their MICs and

120
MPCs. Further deliberate in vivo investigations for the promising synergisms are required to
evaluate their therapeutic potentials for treatment of UTIs caused by P. aeruginosa biofilms.
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Chapter 11
Role of Old Antibiotics in the Era of Antibiotic Resistance.
Highlighted Nitrofurantoin for the Treatment of Lower
Urinary Tract Infections
Maria Jose Munoz-Davila
Abstract: Bacterial infections caused by antibiotic-resistant isolates have become a major
health problem in recent years, since they are very difficult to treat, leading to an increase in
morbidity and mortality. Nitrofurantoin is a broad-spectrum bactericidal antibiotic that, through a
complex mode of action which is not completely understood, affects both Gram-negative and
Gram-positive bacteria. Nitrofurantoin has been used successfully for a long time for the
prophylaxis and treatment of acute lower urinary tract infections in adults, children and
pregnant women, but the increased emergence of antibiotic resistance has made nitrofurantoin a
suitable candidate for the treatment of infections caused by multidrug-resistant pathogens. Here,
we review the mechanism of action, antimicrobial spectrum, pharmacology and safety profile
of nitrofurantoin. We also investigate the therapeutic use of nitrofurantoin, including recent
data which highlight its role in the management of community urinary tract infection,
especially in cases of multidrug-resistant isolates, in which oral active antimicrobials are
limited resources nowadays.
Reprinted from Antibiotics. Cite as: Munoz-Davila, M.J. Role of Old Antibiotics in the Era of
Antibiotic Resistance. Highlighted Nitrofurantoin for the Treatment of Lower Urinary Tract
Infections. Antibiotics 2014, 3, 39-48.

1. Introduction
Nitrofurantoin, a chemotherapeutic compound of the nitrofuran family, was introduced into
clinical practice in 1952. Nitrofurantoin is a synthetic antimicrobial derived from furan by the
addition of a nitro group and a side chain containing hydantoin (Figure 1). Nitrofurantoin is a weak
acid and its solubility is affected by pH [1].
Figure 1. Chemical structure of nitrofurantoin.
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2. Mechanism of Action
The exact mode of action of nitrofurantoin is not completely understood, though it is mainly
known to inhibit a number of bacterial enzymes that participate in bacterial carbohydrate
metabolism at three points in the Krebs cycle [1] as well as interfering with cell wall synthesis [2].
The nitrogroup coupled onto the heterocyclic furan ring represents the specific active site of the
drug and has to be activated by microbial nitroreductases [3].
3. Antimicrobial Spectrum
Nitrofurantoin spectrum of in vitro susceptibility includes the majority of Escherichia coli,
Citrobacter species, group B streptococci, enterococci, Staphylococcus aureus, S. epidermidis,
Klebsiella pneumoniae and Enterobacter species [1]. Thus, its antibacterial spectrum is broad
and is particularly effective against the main uropathogens, hence its use for the treatment of
urinary tract infections (UTI). Resistance to this drug has remained virtually unchanged since its
discovery [4].
4. Pharmacology
Nowadays, in Spain, the compound is marketed as both an oral suspension and tablets. The
bioavailability is about 90% and the urinary excretion is 40% [5].
4.1. Absorption
Nitrofurantoin is well absorbed from the gastrointestinal tract with the most absorption
occurring in the proximal small bowel. There are many factors which affect bioavailability, but
studies have shown that the amount of drug absorbed and the duration of therapeutic urinary
concentrations are substantially increased if nitrofurantoin is taken with food [2]. Particle size also
affects bioavailability. Thus, the macrocristalline form is more slowly absorbed in the GI tract and
is excreted more slowly in the urine than the microcrystalline formulation. This decreased rate
of absorption significantly decreases the incidence of nausea and vomiting associated with the
microcrystalline form [1]. Due to the effective gastro-intestinal absorption of nitrofurantoin, the
effect on the intestinal flora is minimal [6].
4.2. Distribution and Excretion
Nitrofurantoin is excreted almost exclusively in the urine and bile. Urinary excretion results
from glomerular filtration, tubular secretion and tubular reabsorption. Tubular reabsorption of
nitrofurantoin is pH dependent. Thus, manipulating the urinary pH permits preferential concentration
of nitrofurantoin into the upper or lower urinary tract [7]. Nitrofurantoin does not penetrate aqueous
humor, cerebrospinal fluid, prostatic secretions, amniotic fluid or umbilical cord serum in therapeutic
concentrations when administered parenterally to man or animals [1]. Oral administration to breast
feeding mothers results in minimal drug concentrations in breast milk [8,9].
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4.3. Excretion in Patients with Impaired Renal Function
The excretion of the drug is directly related to creatinine clearance [10]. In the presence of
impaired renal function, the urine levels fall below the therapeutic range while the serum levels
increase into the toxic range. Thus, its efficacy is limited in the setting of renal impairment, with an
associated greater risk of toxic effects and adverse reactions [11].
4.4. Interactions
It has been suggested that antacid therapy would increase the ionization of nitrofurantoin,
resulting in decreased absorption. Also, nitrofurantoin is a potent inhibitor of primary adenine
diphosphate-induced platelet aggregation in vitro. Nitrofurantoin can alter a number of laboratory
test results. Thus, there may be elevation of the urinary creatinine value. Also, the urine glucose
determination using Benedict´s qualitative reagent may yield a false-positive result. Serum levels
of glucose, bilirubin, alkaline phosphatase and blood urea nitrogen may be spuriously elevated.
Also, patients should be warned that the color of the urine may be altered (brown) [1].
5. Safety Profile
Nitrofurantoin is, overall, a relatively safe drug. The overall experience after more than three
decades of extensive use shows a very low reported side-effect incidence of less than 0.001 per
cent based on total courses of therapy [12–14]. However, adverse reactions described, mainly
related to long-term usage, have included gastrointestinal disturbances, skin eruptions, hematologic
disorders, neurological defects, hepatotoxicity, pulmonary complications and miscellaneous
abnormalities. A brief summary of the main adverse reactions is described next.
Gastrointestinal disturbances (anorexia, nausea, vomiting) are the most common side effects.
They usually develop during the first week of therapy and efforts have been made to reduce their
frequency by altering the nitrofurantoin crystal size, thus modifying the absorption. Skin eruption,
consisting of macular, maculopapular or urticarial lesions, are the second most common side
effect of nitrofurantoin. Hemolytic anemia in patients with red blood cells deficient in the enzyme
glucose-6-phosphate dehydrogenase (G6PD) is a well-documented hematologic complication of
nitrofurantoin therapy [2]. A serious adverse reaction to nitrofurantoin described is pheripheral
neuropathy [15]. Nitrofurantoin-induced hepatotoxicity is a rare event that usually is readily
reversible with discontinuation of the medication. However, nitrofurantoin-induced pulmonary
reactions have developed in hundreds of patients. This untoward reaction has been classified
arbitrarily into acute, subacute, and chronic forms. The classical acute pulmonary reaction syndrome
is characterized by the sudden onset of fever, chills, cough, myalgia and dyspnea. This reaction
develops within hours to weeks of the ingestion of the drug. Subacute pulmonary reactions from
nitrofurantoin usually develop after one month of drug exposure and are characterized by persistent
and progressive cough, dyspnea, orthopnea and fever. The chronic nitrofurantoin pulmonary reaction
is associated with the insidious development of non-productive cough and dyspnea. Current guidelines
and primary care prescribing systems should emphasize the potential for pulmonary toxicity, which
is reversible in case of early recognition [16].
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The incidence of these side effects is difficult to ascertain, and they are probably on the same
order of magnitude (or less) than severe antibiotic associated diarrhoea caused by beta-lactam
drugs or fluoroquinolones, or severe skin eruptions caused by trimethoprim/sulfamethoxazole [15].
While medical literature generally defines nitrofurantoin as an antibiotic that is safe for use
during the first trimester of pregnancy, new concerns about a possible association between
congenital malformations following exposure to nitrofurantoin during the first trimester of
pregnancy have recently surfaced. During the last decade, several studies have suggested an
increased risk of enophthalmia, cardiovascular malformations, oral cleft, and scull anomalies [17,18].
However, far more studies have suggested that nitrofurantoin is not associated with increased
teratogenic risk [19–24]. Also, Goldberg et al. [25] support its use during the first trimester of
pregnancy to treat UTI by failing to detect teratogenic risks in a large cohort of exposed women.
As far as we know, nitrofurantoin does not cross the placenta [26]. Moreover, overall, it does not
appear to exert any untoward effects on the fetus when administered to the pregnant female, except
in the latter stages [27]. However, for most outpatient procedures, beta-lactam antibiotics are
preferred for the treatment of urinary tract infections in pregnant women.
6. Therapeutic Use
6.1. Classical
The conventional dosage of nitrofurantoin for an established urinary tract infection is 50 mg or
100 mg four times a day and it started being prescribed both in adults and children for the treatment
of acute symptomatic urinary tract infections, also for the treatment of recurrent urinary tract
infections and finally for the prophylaxis of recurrent urinary tract infections [1]. Due to its
inability to achieve therapeutic blood concentrations, this compound has been relegated to a
position of secondary importance. Thus, nitrofurantoin should never be administered to patients
with acute bacterial pyelonephritis (as this disease can be accompanied by bacteremia) or to men
with recurrent urinary tract infections, as these infections are related with prostatitis and nitrofurantoin
does not penetrate tissues well [2].
Another of its main indications is that of bacteriuria of pregnancy, which occurs in approximately
7 to 10 per cent of all pregnant women [28]. Nitrofurantoin is also recommended for the treatment of
catheter-associated bacteriuria, which is the most common cause of urinary tract infection. In this sense,
nitrofurantoin is used prophylactically during or following urinary tract instrumentation. Nitrofurantoin
has been found to prevent bacteriuria in patients with neurogenic bladders using self-catheterization
and after intermittent catheterization in patients in the areflexic bladder phase after spinal cord
injury [29].
Duration of nitrofurantoin therapy has always remained controversial. Lumbiganon and
co-workers sought to find out if the dosing schedule of nitrofurantoin could be decreased from
the traditional seven days of treatment to one day to increase compliance, while retaining its efficacy
in the treatment of asymptomatic bacteriuria in pregnant women [30]. Although there were no
significant differences in symptomatic infections, preterm deliveries and tolerance of subjects were
observed between the short and long dosing schedules. More treatment failures, however, were
seen in the short-dosing schedule, suggesting the superiority of the traditional-dosing schedule [31].
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Also, a decrease in the number of doses per day has always been desirable. Recent data indicate
that nitrofurantoin three times per day, instead of four, either in adults or in children, could be
effective in the management of UTIs, increasing adherence to nitrofurantoin treatment and sparing
the use of other antibiotics [32].
Recent data suggest nitrofurantoin as the first drug of choice for treating uncomplicated UTI
in women. Nitrofurantoin has been recently compared to trimethoprim/sulfamethoxazole and
proved equally effective. Moreover, it was less likely to cause a rash while having similar rates for
any adverse event. Based on these findings nitrofurantoin should probably be considered the first
drug of choice for treating uncomplicated UTI in women [33]. Also, Gupta et al. [34] reported that
a 100 mg bid dosage of nitrofurantoin macrocrystal for 5 days had as good results as classical
cotrimoxazole for 3 days for the treatment of acute uncomplicated cystitis in women. Regarding the
prevention of recurrent UTI during pregnancy, no significant differences have been found between
a combination of suppressive therapy with a daily dose of nitrofurantoin and close surveillance and
close surveillance alone. Only sub-analyses in women with more than 90% follow-up show a
decreased incidence of asymptomatic bacteriuria in women who received nitrofurantoin and close
surveillance compared with close surveillance only [35]. Finally, one study of long-term antibiotics
for preventing recurrent urinary tract infection in children demonstrated that, although nitrofurantoin
was more effective than trimethoprim or cotrimoxazole in preventing repeat symptomatic infection
or repeat positive urine culture, it was associated with a greater number of side effects, especially
in children less than one month of age. The harmful effects of nitrofurantoin outweigh the
prophylactic benefit and suggest that nitrofurantoin may not be an acceptable therapy. Patient
compliance would be an important factor to consider in deciding on the use of nitrofurantoin as
prophylaxis [36].
6.2. New Applications
Nowadays, nitrofurantoin is a synthetic nitrofuran antimicrobial agent that has been used for
more than 50 years. It still has a role and continues to be prescribed, particularly in the ambulatory
setting for uncomplicated UTIs, especially in its macro-crystalline formulation. In recent years,
there has been a new interest in “rediscovering” new applications for older antibiotics due to changes
in pathogen distribution and resistance. Regarding nitrofurantoin, it has been suggested for the
treatment of UTI caused by multiresistant strains.
In this sense, nitrofurantoin is being used increasingly at present to treat vancomycin-resistant
enterococci (VRE) nosocomial urinary tract infections (i.e., catheter-associated bacteria). It is one
of the few non-ampicillin derivatives that is active against enterococci. Nitrofurantoin is active
against both vancomycin-sensitive enterococci (VSE) and VRE. It is the preferred oral antibiotic for
nosocomial VSE or VRE catheter-associated bacteriuria [26].
Also, the progressive increase of extended-spectrum b-lactamase (ESBL) producing enteric
bacteria in recent years has called for a re-evaluation of current antibiotic therapy for these
infections. The rate of resistance to nitrofurantoin in recent surveys in the USA and Canada was
1.1% among 1,142 isolates of E. coli from outpatient urinary isolates [37]. Very similar results
were found in France where 1.8% of all urinary E. coli isolates were resistant to nitrofurantoin in
2005 [38]. However, among 115 clinical isolates of E. coli ESBL producers, only 71.3% were
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sensitive to nitrofurantoin [39]. Also, E. coli resistance to nitrofurantoin has been reported to
be high in a recent survey in Latin American hospitals [40] and in Italy [41]. In K. pneumoniae,
the ESBL producers had significantly diminished susceptibility, as compared with a non-ESBL
producer, to nitrofurantoin (p < 0.001) [42]. Because responses to nitrofurantoin may be less
satisfactory and may require longer courses of therapy, nitrofurantoin is considered to be an
alternative, rather than a first-line, therapeutic agent for this clinical syndrome [43]. These results
are confirmed by Tasbakan et al. [44] who studied a total of 75 patients with lower urinary tract
infection caused by culture-proven ESBL-producing nitrofurantoin-sensitive E. coli in the urine
(>105 CFU/mm3). Microbiological success was defined as a sterile control urine culture and it was
achieved in 51 out of 75 patients (68%). Also, Chen et al. conclude that nitrofurantoin may be an
alternative in the treatment of ESBL-producing E. coli-related lower UTI [43–45].
Nevertheless, activity against E. coli non-ESBL is excellent. In a recent study, the susceptibility
for E. coli was 99.5%. High susceptibility of E. coli clinical isolates to nitrofurantoin (2.3%
resistance rate), compared to trimethoprim/sulfamethoxazole (29%) or ciprofloxacin (24.2%) was
recently confirmed [46]. However, nitrofurantoin is less susceptible against Gram-negative
pathogens other than E. coli, such as Klebsiella spp. (69.2%) or Enterobacter spp. (63%). There is
no activity against Proteus spp. or P. aeruginosa [47]. Nowadays, in uncomplicated cystitis, antibiotics
exclusively reserved for this indication are preferred, in order to reduce antibiotic pressure in this
extremely frequent entity [48]. In uncomplicated UTI, E. coli is the most common pathogen,
typically being isolated from approximately 80% of outpatients with acute uncomplicated cystitis
across the various regions of the world [49–51]. In clinical practice, urine culture is usually
not performed in the setting of community-acquired, uncomplicated cystitis. Antibiotic therapy
is therefore mostly empiric and more or less based upon knowledge of national or international
surveillance studies. The local resistance levels of E. coli therefore determine the empiric antibiotic
treatment. The range of pathogens associated with acute uncomplicated pyelonephritis is similar to
that seen in acute uncomplicated cystitis [52]. The most recent surveillance study in Europe
investigating uncomplicated cystitis is the Antimicrobial Resistance Epidemiology Survey on
Cystitis (ARESC) project [53]. The results of the ARESC study showed that antibiotic substances
classically used for the treatment of uncomplicated UTIs, such as cotrimoxazole, fluoroquinolones
or aminopenicillins, lose their effectiveness due to increasing resistance. Therefore, ideal substances
are those with high susceptibility rates, exclusively used for this indication, such as fosfomycin
tromethamine, nitrofurantoin or pivmecillinam.
Finally, Slekoveck et al. [54] state that while long-term, prophylactic nitrofurantoin should be
restricted, due to secondary effects, this antibiotic should retain its place in the therapeutic
armamentarium for UTIs, especially in the face of rising multidrug-resistant Enterobacteriaceae. In
their country of origin, prescribers largely replaced nitrofurantoin with fluoroquinolones due to the
frequency of nitrofurantoin adverse reactions related to duration of therapy. This had a tremendous
impact on increased fluoroquinolone consumption, which has been related to antimicrobial
resistance.
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7. Conclusions
Nitrofurantoin has been used for a long time, but the emergence of antibiotic resistance and
the decline in newly developed antibiotics has increased interest in the treatment of bacterial UTI
with this antibiotic. Pharmacology limitations, such as four doses per day needed, may be soon
something of the past. Not only has resistance to nitrofurantoin remained virtually unchanged since
its discovery but also its safety profile have made it the antimicrobial of choice in the prophylaxis
and treatment of lower UTI in adults for many years. In this new microbiological era characterized
by multi-drug resistant pathogens, nitrofurantoin’s role is crucial.
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Chapter 12
International Conference “Urogenital Infections and
Tuberculosis” in Novosibirsk, Russia, Has Opened
New Perspectives in the Fight against Tuberculosis
Ekaterina Kulchavenya, Irina Felker and Elena Brizhatyuk
Abstract: The first International Conference “Urogenital Infections and Tuberculosis” was
held in Novosibirsk 24–26 October 2013. Three hundred and twelve delegates from 73 cities
in 16 countries took part in the conference. Actual problems of urogenital tract infection
(UTI) including tuberculosis (TB) as a specific infection were discussed, including: nosocomial
infections in urology, various aspects of prostate biopsy, epidemiology and diagnosis of
urogenital tuberculosis, gender and age related characteristics of urinary tract infections, and
male infertility, etc.
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Conference “Urogenital Infections and Tuberculosis” in Novosibirsk, Russia, Has Opened New
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1. Introduction
The meeting of the ESIU/EAU board at the annual EAU Congress in Paris in 2013 had decided
to organize the Conference on Urogenital Tuberculosis (UGTB) in a region with a high prevalence
of this disease. As the Novosibirsk Research TB Institute and the TB Department of Novosibirsk
Medical University are well-known for their studies in this field, and Siberia is an epidemic region
of TB, Novosibirsk was chosen as a place for this Conference. The meeting was organized as a
joint event between several medical associations: The European Section of Infection in Urology
(ESIU)/European Association of Urology (EAU), International Commission on UTI of the
International Society of Chemotherapy for Infection and Cancer (ISC), Russian Society of Urology,
Russian National Association of Phthysiologists, Asian Association of Urogenital Tract Infection
and Sexually Transmitted Diseases (UTI&STI), Novosibirsk Research Institute for Tuberculosis
and Novosibirsk Medical University, Russia. The Organizing Committee was chaired by Professor
Truls E. Bjerklund Johansen, Chair of the ESIU, Professor Kurt G. Naber, Past-President of the
ISC, and Honorary Chair of the ISC WG UTI, and Professor Ekaterina Kulchavenya, as President
of the Conference. The International Conference “Urogenital Infections and Tuberculosis” was held
in Novosibirsk, from 24 to 26 October 2013. Three hundred and twelve delegates from 73 cities in
16 countries (Russia, Germany, Switzerland, Sweden, Israel, South Korea, China, Turkey, Ukraine,
Belarus, Tajikistan and others) took part in the conference, and 191 doctors attended via
on-line translation.
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One of the conference highlights included the World Health Organization (WHO) report which
indicated that 8.6 million people suffer from TB in 2012, including 1.1 million cases among
people with HIV. In 2012, 1.3 million people died from TB. In 2012, an estimated 450,000 people
developed multidrug-resistant TB (MDR-TB) globally and there were an estimated 170,000 deaths
occurred from MDR-TB.
M. tuberculosis may affect any organ of the human body, and next to the lungs the most
common sites of the disease are the urogenital system, bones and joints. Unfortunately, because of
delayed diagnosis, urogenital tuberculosis (UGTB) often has a complicated course. UGTB may
mimic urogenital tract infection (UTI) with common bacteria, a fact that confuses many doctors
who are not familiar with TB.
The official opening ceremony was attended by the Minister of Public Health of the Novosibirsk
region, Professor Leonid Shaplygin (Figure 1), and the Director of the Novosibirsk TB Research
Institute, Head of the TB Department in Novosibirsk State Medical University, Professor
Vladimir Krasnov.
Figure1. Minister of Public Health of the Novosibirsk region, Professor
Leonid Shaplygin.

For three days there were parallel lectures, debates and discussions in two halls—in English and
Russian languages with simultaneous translation. The following problems were discussed: latent
urogenital infections, their bacteriological diagnosis and therapy; complicated urogenital infections,
their prevention and treatment; sexually transmitted infections; infectious diseases of the reproductive
system as a cause of infertility and sexual dysfunction; interrelation of infections and tumors of the
urogenital system: mistakes in diagnosis and features of combined therapy; standards of examination
and treatment of patients with urogenital infections; epidemiology, organization of early detection
and follow up of patients with urogenital tuberculosis; classification of urogenital tuberculosis;
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diagnosis, therapy and surgery of urogenital tuberculosis; multi-organ tuberculosis, and multi-drug
resistance (MDR) with extrapulmonary tuberculosis.
On the first day of the conference, participants were able to attend sections dedicated to the
following topics: bladder leukoplakia, kidney stones, and the problem of non-specific cystitis,
chronic prostatitis, and sexually transmitted infections. In the session on bladder leukoplakia,
the etiology and pathogenesis of this disease were considered in addition to the role of sexually
transmitted diseases. Also, the possibilities of minimally invasive procedures as well as the
prospects for recovery of anatomy and physiology of the urothelium were demonstrated. A new
method of less invasive intravesical laser therapy for bladder leukoplakia was presented (Ekaterina
Kulchavenya, Novosibirsk, Russia) with evidence of its superiority compared to transurethral
resection. Problems of urolithiasis are by no means new to urology, but they are still quite relevant.
The latest techniques and the “gold standard” lithotripsy and litholytic therapy were presented and
prevention of infectious complications and preoperative preparation were thoroughly discussed
(Fedor Kapsargin, Igor Feofilov, Valentin Isaenko—all from Siberia, Russia). Although the topic
of non-specific cystitis in urological practice has been repeatedly considered at various congresses
and conferences, the contributions and discussions in this section were again very lively.
On the second day of the Congress, the followings topics were discussed: current issues of
nosocomial infections in urology, various aspects of prostate biopsy, epidemiology and diagnosis
of urogenital tuberculosis, gender and age related characteristics of urinary tract infections, and
male infertility. Possibilities of minimally invasive and endoscopic procedures in urology, as well
as modern methods of drainage of the urinary tract and wounds were demonstrated to the audience.
2. Highlights of the Conference
Ekaterina Kulchavenya (Novosibirsk, Russia) emphasized in her presentation on the classification
of UGTB that UGTB remains an important problem, especially in developing countries, because it
is often an overlooked disease. Classification includes exact description of forms and stages of the
UGTB, because each stage implies a different approach of management. Thus, accurate classification
is the basis for good therapeutic results.
Kidney tuberculosis (KTB) at stage 1–2 should be treated with chemotherapy, KTB at stage
3 requires partial nephrectomy, and KTB at stage 4 is indicated for nephrectomy. A stricture of
ureter needs reconstructive surgery in KTB 1–3, but nephron-ureterectomy in KTB-4. Male genital
tuberculosis (MGTB) should be treated with chemotherapy; fistulas are treated by surgery.
Generalized UGTB, combining both kidney TB and male genital TB should be managed depending
on the forms and stages of the kidney and male genital TB. UGTB is a tremendously diverse
disease. A unified standard approach is therefore impossible. The common term “UGTB” gives
insufficient information about therapy needed, e.g., surgery, and prognosis—and makes evaluation
of general epidemiology difficult. In contrast, a more detailed clinical classification will also
improve the therapy of UGTB.
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Mete Cek from Trakya University (Turkey) reported the results of a 10-year, worldwide study
on the prevalence, structure and characteristics of nosocomial infections in hospitalized urological
patients. Besides prevalence and contemporary classifications, also a detailed analysis was presented
concerning causes of nosocomial infections, antibiotic resistance patterns of uropathogens, and
international practices of antibacterial therapy.
Florian Wagenlehner from the University of Giessen (Giessen, Germany) had two presentations,
one on complications of prostate biopsy and the other on new antibiotics in urology. Every year in
Europe more than 1 million prostate biopsies are performed, and the risk of infectious complications
after this procedure is rising. The author proposed a strategy to minimize the risk of infectious
complications and justified the need of targeted antibiotic prophylaxis. In his second presentation
he analyzed the global bacterial antibiotic resistance in urology in relation to the antibacterial
activity of different classes of existing and new antibiotics in the pipeline. Gernot Bonkat from
the University of Basle (Switzerland) presented the isothermal micocalorimetry as a new method
for identification of Mycobacterium tuberculosis and drug susceptibility testing. According to the
author’s data, isothermal microcalorimetry could displace all other culturing methods, since
the minimum detection time is only 25 h and the test easily identifies the drug sensitivity of the
pathogen. With regards to UGTB, with this technique the growth rate and doubling time of
4 different mycobacteria could be determined in urine simultaneously.
Topics of the third day of the conference were prevention of urogenital infections, chemotherapy
and surgery of urogenital tuberculosis.
Magnus Grabe (Malmö, Sweden) discussed the prevention of infectious complications in
urological surgery. He encouraged all participants to follow the recent recommendations of the
EAU Guidelines.
Björn Wullt (Lund, Sweden) reviewed in his presentation the optimal management of
uncomplicated UTI according to the 2013 updated EAU guidelines. Seung-Ju Lee (Suwon, Korea)
described the methods of reconstructive surgery in UGTB. Denis Kholtobin (Novosibirsk, Russia)
presented his rather huge own surgical experience. He emphasized the necessity of simultaneous
extirpation of bladder and prostate in male patients with bladder TB.
Anna Mordyk (Omsk, Russia) paid special attention to difficulties of bacteriological confirmation
of UGTB. The main reasons are: (i) rare and scant mycobacteriuria and (ii) non-optimal previous
antibacterial therapy for “urogenital tract infections”, which in fact means overlooked UGTB. Olga
Alhovik (Novosibirsk, Russia) presented new techniques for rapid identification of M. tuberculosis
with BACTEC 960 and GeneXpert. According to data of the Novosibirsk Research TB Institute,
in 12.5% of patients with prostate tuberculosis that initially showed negative culture results,
M. tuberculosis was finally found with these new methods.
On Wellcome Reception after first day of the Conference some participants who made biggest
contribution in this event were awarded with Diplomas and Prizes, Figure 2 shows the moment of
awarding Professor Florian Wagenlehner (Germany).
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Figure 2. President of the Conference Professor Ekaterina Kulchavenya presents an
award to Professor Florian Wagenlehner.

3. Conclusions
We do not know the real incidence and prevalence of UGTB as it includes KTB, MGTB, and
female genital TB. All these forms of TB have their own clinical features and require their own
approaches to the diagnosis and management. Before anti-TB drugs were created, the prevalence of
UGTB was huge. Every fifth urological in-patient had UGTB, more than third of all pyonephrosis
were due to TB [1]. Nowadays in Siberia, about 300 patients with urological tuberculosis are
revealed annually [2]. In developed countries, from 2% to 10% patients with PTB have also UGTB;
in developing countries the proportion increases up to 15%–20% [3]. In Europe, UGTB is
diagnosed more often in migrants, than in inhabitants [4,5]. About 20% of patients cured from
PTB, had EPTB later, mostly UGTB [6].
This first conference brought together urologists and TB specialists not only from the Siberian
region, but also from the whole of Russia and other countries as well. The outstanding quality of
the presentations and the lively discussions during the congress underlined the high degree of
relevance of this event. Participants were able not only to gain useful information, but also to find
new partners for further joint research.
There are many un-solved problems in TB urology. Unique terminology, classification, and
approach to diagnosis, therapy and surgery for patients UGTB are needed. Heated discussions, hot
debates and arguments between participants at this Conference resulted in agreement on key points.
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The take home messages emphasized the need for more awareness regarding UGTB in many
regions of the world, considering that UGTB is a sexually transmitted disease, as M. tuberculosis
can be found in the ejaculate of half of the TB patients [7]. A better classification of UGTB is also
needed to improve treatment recommendations and report the outcome of surgical interventions,
particularly for TB of the bladder and prostate.
After Conference memory picture of the faculty was made in the hall of the Congress Center
(Figure 3).
Figure 3. Conference faculty in the conference hall in Novosibirsk.
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