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CLINICAL REVIEW

INTRODUCTION
Infectious diseases remain an important cause of

human morbidity and mortality. In the developing
world, infections cause 43% of all deaths (1). In the
developed world, only around 1% of deaths are caused
by infections (1). However, deaths from infections
increased by 58% in the United States from 1980 to
1992 (2). This increase has been largely due not only to
human immunodeficiency virus (HIV) infections, but
also to respiratory tract infections and to septicemia.

Complicating the persistent issue of infectious
diseases is the increasing problem of resistance by
bacteria, viruses and fungi to antimicrobial drugs. The
fundamental factor that has lead to antimicrobial
resistance is the widespread use of antimicrobials and
the resultant selective pressure to promote evolution
and transmission of resistant organisms. Increasing
rates of resistance to common and important
community and hospital acquired pathogens is
occurring in Canada and worldwide (3). The impact of
bacterial resistance to antimicrobial agents has not been
clearly determined (4), although it appears that
morbidity and mortality may be increased (3). The
potential public health impact of antimicrobial
resistance is enormous. While some antimicrobial
resistant pathogens are only a threat to specific
populations, e.g., Burkholderia cepaciainfections in
cystic fibrosis, others are common and potentially
serious pathogens for the entire population (5,6). The

potential for widespread dissemination of highly
resistant organisms for which there is no adequate
therapy is very real (6). To illustrate the epidemiology,
risk factors and clinical management of antimicrobial
resistant infections, this review will focus on resistance
in the important community pathogen Streptococcus
pneumoniae(pneumococcus).

STREPTOCOCCUS PNEUMONIAEINFECTIONS
There are more than one million annual deaths

worldwide caused by S. pneumoniaein children less
than five years of age (7). The majority of these deaths
occur in developing countries and are due to
pneumonia. Disease caused by S. pneumoniaemay
result from local spread of bacteria from the initial site
of adherence in the nasopharynx, e.g., otitis media,
sinusitis or pneumonia (8). Invasive disease occurs
when S. pneumoniaereaches the bloodstream, resulting
in bacteremia with no focus or a focal infection in one
or more sites throughout the body. In developed
countries, S. pneumoniaeis the most common bacterial
pathogen causing otitis media, bacteremia, pneumonia
and meningitis (7,8).

INCIDENCE OF S. PNEUMONIAE INFECTIONS
Recent population-based surveys have described the

incidence rate and mortality of invasive S. pneumoniae
infections in children and adults (9-15). Overall
incidence rates (cases per 100,000 per year) differ
between groups and regions: Australia (aboriginals),
222 (13); Australia (non-aboriginals), 16 (13); Alaska,
USA (natives), 74 (14); Alaska, USA (non-natives), 16
(14); Toronto, Canada, 16 (15); and Southern
California, USA, 13 (12). The incidence rate is highest
in children less than two years of age and in the elderly,
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with a male to female ratio ranging from 1.1:1 to 1.6:1
(11,12). The overall mortality rate (cases per 100,000
per year) is 18 in Australia (aboriginals) (13), 6 in
Alaska (natives) (14) and 1 to 2 in all other populations
(12-15). The high disease rates in Australian aboriginals
and Alaskan natives, compared to other populations, are
likely related to factors such as crowding, lack of clean
water and more prevalent chronic illnesses (13, 14). The
rate of invasive S. pneumoniaeinfections is increasing
in some regions. For example, in Norway, nationwide
surveillance found an increase (in cases per 100,000 per
year) from 3.5 in 1982 to 16.1 in 1995 (16). Similar
findings have been reported from Denmark and Sweden
(17,18). The reasons for this increase are unknown,
although a temporal association with the reduction in
nasopharyngeal carriage and disease caused by
Haemophilus influenzaetype b (as a result of the very
successful vaccine) has lead to speculation that 
S. pneumoniaehas filled the ecological niche left vacant
in the nasopharynx (19).

ANTIMICROBIAL RESISTANT S. PNEUMONIAE
Fully penicillin sensitive isolates of S. pneumoniae

are defined by a minimum inhibitory concentration
(MIC) of <0.1 µg/mL (20). Intermediate resistance to
penicillin is defined by an MIC of >0.1 to <1.0 µg/mL
and high-level penicillin resistance is defined by an
MIC >2.0 µg/mL. Intermediate and high-level
resistance to other antimicrobials are also defined
according to MICs (20). For the sake of clarity, and to
distinguish the (possibly) more clinically relevant
resistant strains, S. pneumoniaewith reduced
susceptibility to penicillin is referred to as PNSP
(penicillin nonsusceptible pneumococcus, MIC >0.125
µg/mL) or PRP (penicillin resistant pneumococcus,
MIC >2.0 µg/mL) (21). The term PSSP refers to
penicillin-susceptible S. pneumoniaeinfections. 

The effect of penicillin is to bind to one or more of six
known penicillin binding proteins (PBPs) located in the
S. pneumoniaecell membrane (1A, 1B, 2A, 2B, 2X and

3) (22). The normal function of these PBPs is to
enzymatically promote crosslinking of bacterial cell
wall precursors, an integral step in cell wall
development. This action is inhibited when PBPs are
bound to penicillin. The binding of penicillin to
individual PBPs occurs with variable avidity. Bacterial
killing as a subsequent result of penicillin binding takes
place in two ways (23). First, penicillin induces the
release of autolytic bacterial enzymes (primarily
amidase) which lyses the cell wall. Second, killing
occurs in an autolysis-independent manner which is not
well understood. 

Resistance to penicillin (and to other β-lactam
antimicrobials) occurs when the target penicillin binding
proteins become physically altered so that penicillin
binds with reduced affinity. These alterations occur as a
result of chromosomal mutation, whereby exogenous
DNA is taken up by individual S. pneumoniaeand
incorporated into the bacterial chromosome in a process
known as transformation (22,24). The development of
intermediate or high-level resistance to penicillin occurs
when alterations to at least 3 penicillin binding proteins
that normally have high avidity for penicillin has
occurred (1A, 2X and 2B) (25). Resistance to
cephalosporins occurs with alterations to just two
penicillin binding proteins (1A and 2X) (25).

In addition to β-lactam antimicrobials, many other
antimicrobials have been used to successfully treat 
S. pneumoniaeinfections. Nevertheless, S. pneumoniae
resistance to carbapenems, cotrimoxazole, macrolides,
clindamycin, tetracycline, chloramphenicol,
fluoroquinolones and rifampin has been reported (22).
Resistance to multiple antimicrobials is common (Table
1) (21,26), although reasons for the association of
resistance to multiple antimicrobials are not completely
understood. S. pneumoniaeresistant to two or more
classes of antimicrobials are considered multi-drug
resistant S. pneumoniae(MDRSP) (27). It would seem
logical that the acquisition of drug resistance would
impose a cost on the bacteria as the result of a reduction

Table 1. Association of S. pneumoniaesusceptibility with resistance (intermediate and high) to other antimicrobials according to the minimum
inhibitory concentration (MIC) of penicillin.a

Percent of S. pneumoniaeisolates resistant to other antimicrobials

Other Penicillin susceptible Intermediately penicillin resistant Highly penicillin resistant
Antimicrobials (MIC <0.1 µµg/mL) (MIC 0.1 – 1 µµg/mL) (MIC >2 µµg/mL)

TMP/SMX 12 54 97
Macrolides 2 12 25
Chloramphenicol 2 21 25
Tetracycline <1 5 19
Ofloxacin <1 3 8

a Data from Simor et al. (26)
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in fitness caused by alterations to vital structures such as
the cell wall (6). However, data suggest that natural
selection often eliminates the growth disadvantage of
resistant bacteria (28). The only antimicrobials to which
S. pneumoniaeremain universally susceptible are
vancomycin and teicoplanin, drugs that have been used
less often so far to treat these infections (29). Resistance
to other antimicrobials is mediated by transposons 
(a DNA element which carries genes) or chromosome
alterations which also generally result in altered binding
sites (22,24).

EPIDEMIOLOGY OF PENICILLIN RESISTANT
S. PNEUMONIAE INFECTIONS

Penicillin-resistant S. pneumoniaewere first induced
in laboratory strains in 1943 (at the time penicillin was
first introduced) (30). In 1965, a report from a Boston
laboratory found that 2 of 200 clinical isolates were
resistant to penicillin (31). The first reported clinically
significant infection caused by a penicillin resistant
strain of S. pneumoniaewas described in Australia in
1967 (32). Between 1974 and 1984, case series of 
S. pneumoniaeinfections or isolates with >10%
penicillin resistance were reported from Israel, New
Guinea, Poland, South Africa, Spain, and from some
states in the USA (33). In 1977, multiresistant isolates
were first found in South Africa (34). 

The emergence of antimicrobial resistant 
S. pneumoniaemay occur rapidly within a region. This
has been well documented in the United States, where
the prevalence of PNSP increased from 5% by 1987, to
8% by 1992, and to 25% (7% to 10% PRP) by 1995
(21,27,35-38). In addition, 26% of isolates found in a
1993-94 survey were MDRSP (21). 

Worldwide, there is considerable variation in the
incidence of PNSP. Surveys from Korea (70%),
Hungary (59%), South Africa (45%) and Spain (44%)
have reported the highest prevalence of PNSP (39-42).
Other countries with a high prevalence include Hong
Kong (29%), Japan (26%), and Bulgaria (24%) (43-45).
In some cases, adjacent countries have very different
rates of resistance. For example, the rate of PNSP in
Hungary is very high (59%), while in Austria and Italy,
the rates are low (7% and 6% respectively) (40,46,47).

In 1979, two cases of PNSP disease were reported in
Canada (48,49). Until recently, surveys have found the
rate of PNSP in different areas of Canada to be 3% or less
(48,50-52). However, since 1994, increased resistance has
been reported in different regions. A survey of clinical
isolates from community and hospital laboratories in
Toronto during 1993 and 1994 found that 7% of isolates
were PNSP (53). A later survey of clinical isolates
obtained from 39 hospital and community laboratories
across Canada during 1994 and 1995 found that 12% of

isolates were PNSP, however 20% of invasive isolates
were PNSP (95% CI = 13%, 27%), compared with 11%
of noninvasive isolates (95% CI = 9%, 13%) (26). A
survey of invasive isolates obtained from 10 pediatric
hospitals across Canada from 1991 to 1994 found that just
3% of isolates were PNSP (54). However, in 1995, 16%
of nasopharyngeal isolates and 11% of invasive isolates
from a survey of children in Toronto were PNSP (55).
Thus, Canada appears to be experiencing a period of rapid
increase in PNSP rates as occurred earlier in the United
States and elsewhere (Figure 1).

RISK FACTORS FOR PENICILLIN NON-
SUSCEPTIBLE S. PNEUMONIAE INFECTIONS

Numerous socioeconomic and demographic factors
have been shown to increase the risk of developing
invasive S. pneumoniaeinfections (whether or not
PNSP) including young age, young siblings, attendance
at child care centre or day home, history of frequent
otitis media, upper respiratory infection, HIV infection,
sickle cell anemia, other immunosuppresive states,
frequent hospitalization, smoking, chronic lung disease
and chronic heart disease (7,56-63). The currently
available capsular polysaccharide vaccine is 56% to
81% effective to prevent invasive S. pneumoniae
infections over the age of two years (but has no benefit
under the age of two years) and breast feeding of infants
may be protective (60,64).

Other studies have evaluated factors associated with
invasive disease or otitis media caused by PNSP 
(27, 42,65-76). The results of most of these studies were
limited by their retrospective design (67-74), 
non-population-based samples (42,66-76), or small
number of PNSP cases (67,68,72,74,75). Nava and
colleagues’ population-based, prospective survey of 374
invasive S. pneumoniaecases (88 with PNSP), which
obtained clinical information from a patient interview,
has provided the best data to date (65). Factors were
compared between those with PNSP and those with
PSSP, using univariate analysis and multiple logistic
regression. With multivariate analysis, the following
factors were found to be associated with PNSP: age less
than 5 years (odds ratio (OR) = 5.3, 95% confidence
interval (CI) = 2.2-12.6); immunosuppression (OR = 3.0,
CI = 1.5-6.0); and use of β-lactam antimicrobials in the
prior three months (OR = 2.1, CI = 1.0-4.5). Two other
factors did not achieve significance in the multivariate
model, although they were significant with univariate
analysis: nosocomial acquisition (OR = 1.2, CI = 0.9-
4.5); and hospitalization in the prior 6 months (OR = 1.1,
CI = 0.6-2.3). The type of infection was also included in
the multivariate model and PNSP infections were no
more likely to be meningitis and/or septicemia than
pneumonia (OR = 1.0, CI = 0.5-1.9).
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In addition to the above, the following risk factors
have been associated with PNSP infections in at least
two studies: nosocomial acquisition, recent
hospitalization, pneumonia in prior year, child care
centre attendance and caucasian race (27,42,66-76).
Rather than racial differences in susceptibility, it is likely
that higher socioeconomic status and access to medical
care is the direct factor associated with PNSP infection.
Access to medical care implies access to antibiotic
therapy that those without access to medical care will not
have. There is some evidence for this. In addition to
caucasian race as a factor for PNSP, Hofmann found that
those living in suburbs of Atlanta had PNSP infections
more often than those living in urban Atlanta, regardless
of race (27). The socioeconomic status of people
residing in suburbs of Atlanta is higher than in urban
areas. Mannheimer found that patients with PNSP
infections were more likely to be caucasian than
hispanic or black in a New York City hospital (OR = 5.5,
95% CI = 1.2, 26.7) (74). Mannheimer also performed a
survey of nasopharyngeal carriage of S. pneumoniaein
children in a chronic care facility and found no racial
differences in the carriage of PNSP in this setting (74).
All children in the facility had equal access to medical
care, including antimicrobials.

OUTCOME OF PENICILLIN NONSUSCEPTIBLE
S. PNEUMONIAE INFECTIONS

There is limited data about the mortality and
morbidity of PNSP infections. Mortality does not
appear to be increased (41,77). Pallares reported a 

ten year prospective cohort study of 464 cases of 
S. pneumoniaepneumonia (392 with bacteremia) (77).
Thirty-five percent of cases were PNSP and 15% were
PRP. Most cases were treated with high-dose penicillin
(two million units every four hours) or equivalent
doses of ampicillin, ceftriaxone or cefotaxime. In
patients treated with penicillin, the mortality was 25%
(6/24) in those with PNSP infections and 19% (24/126)
in those with penicillin-susceptible S. pneumoniae
infections (p = 0.51). However, the power of the study
to rule out a difference between the groups was just
10%. In addition, multiple logistic regression found
that penicillin resistance was not a risk factor for
mortality (OR = 1.3, CI = 0.7-2.2). The authors
concluded that high dose penicillin or third-generation
cephalosporins were adequate treatment for 
S. pneumoniaeinfections with penicillin MICs 
of >2.0 µg/mL.

The impact of PNSP infections can also be measured
by outcomes other than mortality. For example, the rate
of complications, requirement for hospitalization and
use of multiple antimicrobials are clinically relevant
outcomes given that they may have a significant impact
on health care resources. One study has evaluated the
morbidity of PNSP infections. Gómez prospectively
studied 71 adults with S. pneumoniaebacteremia in a
Spanish hospital (23 isolates were PNSP, 33%) (75). No
difference was found in the rate of complications
between those with PNSP infections and those with
PSSP infections (17/23 vs. 31/48, respectively, 
p = 0.43), however the power to detect a difference

Figure 1. Trends in prevalence of S. pneumoniaeresistance to penicillin, erythromycin and tetracycline in Canada (D. E. Low, unpublished data).
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between the groups was just 12%. Further, no details
about the complications were reported.

Some studies have evaluated the impact of different
antimicrobial selections on the outcome of PNSP
infections. Tan reviewed 19 invasive PNSP cases in
children, all caused by intermediate-resistant 
S. pneumoniae(78). No comparisons were made with
penicillin-susceptible cases, however, Tan concluded
that PNSP bacteremia can usually be treated with 
β-lactams and meningitis can usually be treated with
third-generation cephalosporins. Friedland reviewed
207 cases of invasive S. pneumoniaedisease in children
(83 with PNSP (40%)) (41). There was no difference in
mortality between those with PNSP (22%) and those
with penicillin susceptible infections (15%, p = 0.2).
Friedland later performed a survey of children with
non-meningitis invasive S. pneumoniaeinfections (66).
Thirty-five of 108 (32%) children had PNSP infections.
In 75 children (25 PNSP), there were three categories of
antimicrobial treatment evaluated (I-oral β-lactam; 
II-intravenous penicillin, ampicillin or cefuroxime; 
III-intravenous cefotaxime or ceftriaxone with or
without vancomycin). There were no differences in the
proportions improved, not improved or died after 3 and
7 days of therapy between children with PNSP and
those with susceptible infections, regardless of the
treatment regimen. 

There have been numerous case reports of treatment
failures using empiric third-generation cephalosporins
(cefotaxime or ceftriaxone) for meningitis caused by 
S. pneumoniaewith intermediate or high-level
resistance to penicillin and cephalosporins (79). In all
cases, clinical cure eventually occurred when
vancomycin was added to the treatment regime. 

Treatment failure with otitis media caused by PNSP
appears to be more common when β-lactam
antimicrobials are used (80,81). Dagan reported a
prospective study of 78 children with S. pneumoniae
otitis media (80). All children had pre-treatment middle
ear tympanocentesis which grew S. pneumoniae. There
were 31 PNSP cases and 47 cases with susceptible S.
pneumoniae. Follow-up clinical evaluations and repeat
tympanocentesis were performed periodically after
beginning treatment with cefuroxime axetil or cefaclor.
Overall, bacteriologic failure (positive repeated culture)
occurred in 14 cases, including 11 of 31 (35%) PNSP
cases and three of 47 (6%) penicillin-susceptible cases 
(p < 0.05). Barry reviewed data from four clinical trials
of treatment for otitis media in children (81). All children
had pre-treatment middle ear tympanocentesis which
grew S. pneumoniae. There were 54 PNSP cases and 182
cases with penicillin-susceptible S. pneumoniae. Each
clinical trial had compared oral cephalosporins or
amoxicillin-clavulinic acid. Treatment failure after 4 to

10 days was more common in the PNSP group than in the
susceptible group (19% vs. 8%, respectively, p = 0.03).

In summary, based on limited information, the
mortality of PNSP infections does not appear to be
increased. There is very limited information on other
measures of outcome, but treatment failures do occur
with PNSP infections, particularly meningitis and otitis
media. These result in longer treatment courses with
multiple antimicrobials. The influence of antimicrobial
resistance on outcomes such as duration of
antimicrobial treatment, requirement for multiple
antimicrobials, duration of hospitalization, duration of
acute symptoms and rate of complications is unknown.

ISSUES IN MANAGEMENT OF ANTI-
MICROBIAL RESISTANT S. PNEUMONIAE
INFECTIONS

Several consensus guidelines for the antimicrobial
management of antimicrobial resistant S. pneumoniae
have been recently published (29,82-84). The remainder
of this review will focus on the implications of
resistance for treatment with common antimicrobials
and general approaches to treatment of antimicrobial
resistant S. pneumoniae.

Meningitis
Third-generation cephalosporins (cefotaxime or

ceftriaxone) are standard choices for empiric treatment
for bacterial meningitis after the neonatal period.
However, as previously stated, there have been
numerous case reports of treatment failures using 
third-generation cephalosporins for meningitis caused
by S. pneumoniaewith intermediate or high-level
resistance to penicillin and cephalosporins which are
related to inadequate bactericidal levels in the
cerebrospinal fluid (79). PNSP isolates often remain
susceptible to third-generation cephalosporins, but
intermediate resistance may be common (21).

In regions where the prevalence of PNSP is increased,
the empiric management of bacterial meningitis should
include additional antibiotics combined with a third-
generation cephalosporin, or alternative antibiotics
sufficient for monotherapy (84). Limited clinical data
suggest that vancomycin or rifampin, added to
cefotaxime or ceftriaxone achieve adequate bactericidal
concentrations in the cerebrospinal fluid and may be
additive or even synergistic (84-86). Combination
therapy should be continued throughout the course of
treatment if third-generation cephalosporin resistance is
confirmed. Chloramphenicol may also be used in
combination with a third-generation cephalosporin,
however most labs are not able to determine
susceptibility of S. pneumoniaeto chloramphenicol for
three to four days after an isolate is obtained (84). The
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carbapenems meropenem and imipenem are alternative
choices for monotherapy of S. pneumoniaeinfections,
including PNSP infections, although some PNSP strains
are also resistant to carbapenems (84-87).

Non-Meningeal Infections
β-lactam antibiotics

The use of oral β-lactam antimicrobials for the
treatment of PNSP non-meningeal invasive infections is
controversial (84,88-90). Where clinical data are
lacking, pharmacokinetics and pharmacodynamics may
provide insight to the expected efficacy of a β-lactam
(91-93). Animal studies with various penicillins and
cephalosporins against PSSP and PNSP have found that
the duration of time that serum antimicrobial levels are
above the MIC is the key factor in determining efficacy.
Mortality was virtually 100% if serum levels were
above the MIC for <20% of the dosing interval. In
contrast, mortality was less than 10% when time above
the MIC was >40% (93).

It appears that non-meningeal infections caused by 
S. pneumoniaewith intermediate resistance to penicillin
can be treated with penicillin or amoxicillin. Apart from
otitis media, discussed previously, there is little
evidence for treatment failures, even with highly
resistant strains. This is likely the result of the high drug
concentrations achieved in the serum (91). However, to
date, PRP strains with penicillin MICs >4 µg/mL are
exceedingly rare and the levels higher than 16 µg/mL
have not been reported (91,94).

For oral cephalosporins, there is a 4- to 16-fold
increase in the MICs for those S. pneumoniaestrains
that are intermediately resistant to penicillin, compared
to their MICs against PSSP. There is another 2- to 8-fold
increase in their MICs against strains that are highly
penicillin resistant (95). Thus, oral cephalosporins
should be used with caution, especially for the treatment
of highly penicillin resistant strains. Amoxicillin is
more active than any oral cephalosporin against PNSP
(91). Craig determined the time above the MIC for
several oral β-lactams (amoxicillin-clavulanate,
cefaclor, cefuroxime, cefprozil, loracarbef,
cefpodoxime, cefixime) and found that only
amoxicillin/clavulanate was above the MIC for more
than 40% of the dosing interval for PNSP (93,96).
Cefuroxime and cefprozil were above the MIC for 35%
and 32%, respectively, of the dosing interval, but only
for intermediately resistant S. pneumoniae.

As the level of penicillin resistance increases (MIC
>8 µg/mL), one of the ways to optimize the
pharmacokinetic/pharmacodynamic parameters may be
by increasing the antimicrobial dose and/or the dosing
frequency. This has already been suggested when using
amoxicillin for otitis media, and penicillin for 

S. pneumoniaepneumonia (89,97). Currently however,
it would be appropriate to use any of the β-lactams for
the treatment of PSSP pneumonia. For intermediately
resistant strains, either amoxicillin or cefuroxime would
be effective oral drugs. For highly resistant strains,
either another class of compound, e.g., a macrolide or
fluoroquinolone, for oral treatment, or either ampicillin,
penicillin G, cefotaxime, or ceftriaxone for parenteral
therapy, would be appropriate (91,93).

At what penicillin MIC value and prevalence will it
no longer be advisable to recommend a β-lactam for the
empiric therapy of suspected S. pneumoniae
pneumonia? Because of the mechanism of penicillin
resistance in S. pneumoniae, resistance is low-level and
often only one dilution above the breakpoint. As
remodeling of the PBPs occurs, the MIC increases in
modest increments from sensitive to intermediate to
resistant. The amount of remodeling, and therefore the
increase in the level of resistance that can occur is
limited, since the function of the PBP must be
maintained in order for the organism to survive. By
increasing the dose of the β-lactam, effective therapy
can still be achieved for infections such as bacteremia
and pneumonia, where it is still possible to increase
serum and tissue concentrations 4 to 8-fold dilutions
above the MIC. Currently, there is only anecdotal
evidence that as the MICs rise to >4 µg/mL, the
outcome of the treatment of such patients is jeopardized
(77,89). Currently, such levels of resistance do not exist
and until levels of resistance are appearing that are
associated with clinical failures, the currently
recommended β-lactams for the treatment of penicillin-
resistant strains should not be abandoned. 
Macrolides

The macrolide, lincosamide, and streptogramin A and
B (MLS) antibiotics are three chemically distinct,
functionally related drug classes which inhibit protein
synthesis through alteration of the 50S ribosomal
subunit (98). Resistance to one of the members of the
class always includes other members of that class and
sometimes other classes. The macrolides include
erythromycin, clarithromycin, azithromycin,
dirithromycin, and roxythromycin. The lincosamides
include clindamycin. Resistance to these antibiotics
occurs by target site modification, enzymatic
inactivation, and active efflux (for a discussion of drug
efflux, please see Van Veen et al. in this issue of the
MJM) (99-102). When macrolide resistance is due to
target modification there is complete cross-resistance
between the macrolides and clindamycin. When the
resistance is due to the presence of an efflux mechanism
there is no cross-resistance with clindamycin, but 
cross-resistance to the streptogramins may occur.
Resistance due to inactivation is class specific.
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Currently, monotherapy with a macrolide is the most
common regimen used for the outpatient treatment of
community acquired pneumonia after early childhood,
including young (<60 years of age) patients with and
without comorbidity and in older patients (103). Since
the choice of initial therapy is made without the benefit
of knowing the pathogen and in view of the increasing
prevalence of macrolide resistant S. pneumoniae, at
what level of resistance will physicians no longer be
able to use macrolides as empiric therapy? There is
currently no answer to this question since it is not
known if the macrolide resistant S. pneumoniae
(evaluated in vitro) from a patient with pneumonia is
associated with failure of therapy (104).

Why not just increase the dose or the frequency of
dosing, as has been suggested for the penicillins?
Macrolide susceptibility in S. pneumoniaeis defined as
a MIC <0.5 µg/mL. The mean MICs for macrolide-
resistant strains is 10 to 64 µg/mL (105). The very high
levels of resistance (MIC 64 µg/mL) occur in around
45% of resistant isolates and are due to target site
modification resulting in dramatically reduced avidity
of the macrolide for the target (106). Peak levels in
serum of 2 to 3, 0.5 to 1, and 0.4 µg/mL are reached at
3 hours after an oral dose of erythromycin (500 mg),
clarithromycin (250 mg), and azithromycin (500 mg),
respectively (107). Therefore macrolide resistance
results in a several fold increase in the MIC, well above
achievable concentrations in the serum. Despite this and
the number of macrolide-resistant S. pneumoniae
worldwide and the frequency of S. pneumoniae
pneumonia, reports of treatment failures are rare (104).
A possible explanation is that the concentrations in the
lung alveolar cells are several times higher then the
serum concentrations and MICs of macrolide resistance
strains, suggesting that in vitro susceptibility testing to
determine MICs based on serum levels does not
accurately predict in vivoactivity in other tissues (108).
On the other hand, in view of the low mortality (<1%)
of patients with community acquired pneumonia treated
as outpatients, the failure to identify a pathogen in 
greater than 50% of cases in the community, the current
low rates of macrolide resistance (<11%), a worse
outcome in this group of patients, other than mortality,
may not be detected unless well designed outcome
studies are performed (21,109).
Fluoroquinolones

Resistance to fluoroquinolones in gram positive
bacteria is a result of target modification and/or active
efflux of the antimicrobial (110,111). The target for 
the fluoroquinolones are the topoisomerases.
Topoisomerases are enzymes in bacteria that are
responsible for DNA coiling. There are four
topoisomerases, two of which are targets for the

fluoroquinolones, topoisomerase II (DNA gyrase) and
topoisomerase IV (topo IV). DNA gyrase consists of two
subunits, A and B, which are encoded for by the gyrA
and gyrB genes. Topo IV consists of two subunits, ParC
and ParE, which are encoded for by the parC and parE
genes. In S. pneumoniae, resistance appears to be mainly
due to mutational alterations of the gyrA and parC genes
(112). Resistance mediated by target modification will
increase the MIC of ciprofloxacin from 1 µg/mL
(susceptible) to 4 to 128 µg/mL (112,113). Another
mechanism of S. pneumoniaefluoroquinolone resistance
involves the efflux of fluoroquinolones from the cell,
which generally results in a lower level of resistance
than topoisomerase mutations, increasing the MIC
twofold to fourfold (110). 

The clinical interest in the new gram-positive
fluoroquinolones (levofloxacin, sparfloxacin,
gatifloxacin, grepafloxacin, trovafloxacin,
clinafloxacin, moxifloxacin) is whether there is
increased activity against S. pneumoniaecompared to
earlier fluoroquinolones such as ciprofloxacin. These
compounds are very potent against S. pneumoniae(MIC
at which 90% of organisms are inhibited (MIC90) <0.5
µg/L), including isolates that are resistant to penicillin
and macrolides (114). Initial trials support their efficacy
for the treatment of community acquired pneumonia,
including those due to S. pneumoniae(115-118). At
present however, fluoroquinolones are not
recommended for routine treatment of infections in
children because of concerns with side effects,
particularly arthropathy involving the hips (119). The
incidence of this problem in humans appears to be
exceedingly low and so fluoroquinolones may become
more common for children in the near future.

CONCLUSIONS
Antimicrobial resistance is a rapidly evolving issue in

clinical medicine. The appropriate response to the
problem of antimicrobial resistance must be society-
wide. Research on the development, spread and
persistence of resistance as well as on the development
and testing of new antimicrobial agents is needed (4).
Individual physicians can take several steps to control
resistance including thorough handwashing between
patient visits, prescription of narrow spectrum
antibiotics when possible, isolation of hospitalized
patients with multidrug resistant infections to prevent
transmission, familiarization with local antibiotic
resistance data and refusing patients’ demands for
unnecessary antibiotics (120). The general public can
also take individual actions to control resistance
including not demanding antibiotics, taking antibiotics
exactly as prescribed and proper handling and
preparation of food (120). Antimicrobial resistant S.
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pneumoniaeis an example of a particularly important
problem, because of the worldwide prevalence of this
organism and the breadth of invasive and noninvasive
diseases it causes. The approach to treatment of these
infections requires consideration of the site of infection,
knowledge of local resistance rates and deciding on
treatment with high dose β-lactam antibiotics,
alternative drug classes or combination antibiotic
therapy.
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