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Potential alternatives, including linezolid, adjunctive rifampin, and moxifloxacin, were evaluated against
vancomycin-tolerant (P9802-020) and vancomycin-susceptible clinical isolates of Streptococcus pneumoniae in
an in vitro pharmacodynamic model. Vancomycin exhibited maximal killing of 2-log10 CFU/ml against P9802-
020. Linezolid, moxifloxacin, and linezolid plus rifampin exhibited 99.9% killing against both isolates. These
alternatives should be considered for further evaluation against vancomycin-tolerant S. pneumoniae.

During a period of increasing pneumococcal resistance (4–6,
9, 11, 12, 19), the first report of Streptococcus pneumoniae
exhibiting tolerance to vancomycin was published (17). This
report was soon followed by the first clinical characterization
of a meningitis infection due to S. pneumoniae exhibiting tol-
erance to vancomycin based on confirmatory in vitro analyses
(15). The potential for the identification of additional infec-
tions due to vancomycin-tolerant S. pneumoniae substantiates
the search for treatment alternatives. Oxazolidinones, extend-
ed-spectrum quinolones, and adjunctive rifampin therapy may
represent potential alternatives. We used an in vitro pharma-
codynamic model to compare linezolid and vancomycin, alone
and in combination with rifampin, with moxifloxacin against
multidrug-resistant and vancomycin-tolerant S. pneumoniae
clinical isolates.

Two S. pneumoniae clinical isolates were evaluated in this
study: 79, a vancomycin-susceptible isolate from Detroit Re-
ceiving Hospital, Detroit, Mich., and P9802-020, a vancomycin-
tolerant isolate contributed by E. Tuomanen, St. Jude Chil-
dren’s Research Hospital, Memphis, Tenn. Isolate 79 is
resistant to penicillin and erythromycin, and isolate P9802-
020 is intermediate to penicillin and resistant to cefaclor,
tetracycline, trimethoprim-sulfamethoxazole, and all macro-
lides.

Microdilution MICs and minimal bactericidal concentra-
tions (MBCs) were determined 10 times with Mueller-Hinton
broth supplemented with calcium, magnesium, and 5% lysed
horse blood and Todd-Hewitt broth supplemented with 0.5%
yeast extract according to NCCLS guidelines (16). MICs were
confirmed by E tests. Eligibility for vancomycin tolerance was
an MBC/MIC ratio of �32 and/or a reduction in the inoculum
of �2.0 � 0.6-log CFU/ml by 6 h in time-kill analyses (15, 17).

Resistance was assessed by plating samples on tryptic soy
agar–5% lysed horse blood containing two and four times the
preexperiment MICs. Additionally, postexperiment MICs were
determined.

A previously described in vitro pharmacodynamic model was
used (3, 7). All experiments were performed in duplicate for
each strain. A peristaltic pump was used to simulate the half-
lives of the antibiotics. Regimen simulations of total drug con-
centrations were as follows (peak concentration in milligrams
per liter and half-life in hours, respectively): moxifloxacin
(Bayer Corporation, West Haven, Conn.), 400 mg every 24 h
(4.5 and 12); linezolid (Pharmacia-Upjohn Laboratories, Kala-
mazoo, Mich.), 600 mg every 12 h (18 and 6); vancomycin
(Sigma-Aldrich Corporation, St. Louis, Mo.), 1,000 mg every
12 h (30 and 6); and rifampin (Marion-Merrell Dow Pharma-
ceuticals Inc., Kansas City, Mo.), 600 mg every 24 h (7 and 3).
The growth control was simulated at the shortest half-life of
the tested antimicrobial agents. For combinations, an addi-
tional supplemental model was used to compensate for differ-
ent half-lives (2).

Samples were collected at 0, 1, 2, 4, 6, 8, 24, 28, 32, and 48 h
for concentration assays and bacterial quantification. Concen-
trations of linezolid were determined by a previously described
validated high-pressure liquid chromatography method (1).
The standard curve for linezolid ranged from 0.5 to 30 mg/ml.
The interday coefficient of variation (CV) was �4.39% for
all standards. Vancomycin concentrations were determined
by a fluorescence polarization immunoassay (TDx; Abbott
Laboratories, Irving, Tex.) with a lower limit of detection of
2.0 �g/ml and an interday CV of 10% for all standards.
Moxifloxacin and rifampin concentrations were determined
by a microbioassay (7, 18). The moxifloxacin microbioassay
is linear over the concentration range of 5 to 0.3125 �g/ml,
with an interday CV of 5.4%. The rifampin microbioassay is
linear over the range of 0.06 to 1.0 �g/ml, with an interday
CV of 7%.
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Antibiotic peak and trough concentrations and elimination
rates were estimated by using PKANALYST (version 1.10;
MicroMath Scientific Software, Salt Lake City, Utah). Bacteria
were quantified by plating of serial saline dilutions on tryptic
soy agar with 5% sheep blood (Difco Laboratories, Detroit,
Mich.) followed by overnight incubation in candle jars. Bac-
tericidal activity was defined as a reduction in colony counts
of �3-log10 CFU/ml from the starting inoculum, and the
time to achieve 99.9% killing was determined. Enhancement
of antimicrobial activity was defined as an increase in killing
of �2-log10 CFU/ml by a combination of antimicrobial
agents in comparison to the most active single agent of that
combination. Improvement was defined as an increase in
killing of �2-log10 CFU/ml in comparison to the most active
single agent, while combinations that resulted in bacterial
growth of �1-log10 CFU/ml in comparison to the least active
single agent represented antagonism. All samples under-
went multiple serial dilutions, and binding resin was added
to moxifloxacin samples to circumvent antibiotic carryover
(20).

Preexposure MICs and MBCs are reported in Table 1. No
significant (�1 dilution change) differences were observed be-
tween susceptibility results in either medium. MICs were
highly reproducible, while MBCs ranged from 1 to 32 (mode,
8) for isolate P9802-020 and from 0.5 to 2 (mode, 1) for isolate
79. MIC results obtained from E tests were consistent with
microtiter results. No resistant colonies were seen, and no
significant differences were observed between pre- and post-
exposure MICs.

The results of simulations with isolates 79 and P9802-020 are
presented in Fig. 1. All study regimens, except for rifampin
alone, exhibited bactericidal activity by 8 h, and there was no
regrowth of isolate 79. Bactericidal activity and limits of de-
tection were achieved and sustained against isolate 79 by moxi-
floxacin and vancomycin plus rifampin from 2 to 48 h and 8 to
48 h, respectively.

Despite initial activity exhibited by rifampin alone, signifi-
cant regrowth was noted at 24 h for both isolates. Contrary to
the pronounced reduction in the level of isolate 79, vancomy-
cin alone exhibited maximal killing of isolate P9802-020 of
2-log10 CFU/ml for the study duration. Against P9802-020,
99.9% killing was achieved by linezolid alone, linezolid plus
rifampin, and moxifloxacin by 24, 24, and 8 h, respectively.
Adjunctive rifampin resulted in enhancement only when it
was added to linezolid. No antagonistic activity was noted.
Limits of detection were achieved against P9802-020 by moxi-
floxacin as early as 8 h and were sustained for the remaining
48 h.

Observed antimicrobial drug exposures and pharmacoki-
netic parameters (means and standard deviations) for simula-
tions were as follows (peak in milligrams per liter and t1/2 in
hours, respectively): moxifloxacin, 4.9 � 0.4 and 11.1 � 1.1;
linezolid, 18.6 � 1.9 and 5.6 � 0.6; vancomycin, 34 � 5.7 and
6.5 � 0.7; and rifampin, 6.6 � 0.9 and 3.4 � 0.5.

Multidrug-resistant S. pneumoniae infections have become a
worldwide dilemma, leaving clinicians with limited treatment
options for relatively common infections. Probable conse-
quences of the selective pressure are the identification and
characterization of the first S. pneumoniae isolate that demon-
strated tolerance to vancomycin (17). Lack of lysis was evident

in time-kill analyses that demonstrated persistent viability (a
decrease of �2.0 � 0.6-log CFU/ml) of the vancomycin-toler-
ant S. pneumoniae isolate.

In general, the significance of tolerance has been difficult to
assess due to difficulties in reproducibility. The reproducibility
of MBC determinations has been hampered by manual tech-
nical errors and such phenomena as the Eagle effect, adhesion
of bacteria to wells, the possible existence of microenviron-
ments where there is limited antimicrobial distribution,
growth phase effects, antibiotic carryover, and many others.
Laborious time-kill analyses have been advocated as a reli-
able method for the determination of tolerance (10, 14). The
results from the present study with a single tolerant isolate
suggested that tolerance was more accurately described by
time-kill analyses rather than MBC/MIC ratios, which were
high (1 to 64). In addition to the aforementioned reasons,
some of the variations in MBC determinations in the pres-
ent study could be attributable to the different media used
to evaluate antimicrobial agents against this unique isolate,
and this possibility should be further evaluated. The char-
acteristic contrast in vancomycin activities against tolerant
and susceptible strains observed in previously published
standard time-kill experiments paralleled our observations
in pharmacodynamic simulations and was sustained for the
entire study.

Consistent with the results of other in vitro studies of strep-
tococci, moxifloxacin exhibited substantial and rapid bacteri-
cidal activity against both tested isolates (7, 8, 13). Linezolid
exhibited significant activity (99.9% killing) against both iso-
lates, with a more pronounced effect against the vancomycin-
susceptible isolate. Adjunctive rifampin did not exhibit antag-
onistic activity for any simulation and displayed enhancement
only in combination with linezolid. The reduced potential for
resistance with adjunctive rifampin was indiscernible, since no
resistance or alterations in susceptibility were noted for single-
drug regimens.

Some observations made in this study that require addi-
tional evaluation include the impact of growth phase and
viability on the activities of different mechanistic agents and
different killing rates obtained with various drug exposures
(e.g., maximum concentration in serum/MIC and area under
the concentration-time curve/MIC). The relationships be-
tween exposures and pharmacodynamic activities against
these isolates should be further explored. Evaluation of ad-
ditional combination regimens including rifampin and re-
peated dosing in studies with longer durations would be ben-
eficial for determining potential enhanced efficacies. Larger
studies with meningitis-related animal models that incorporate
protein and penetration might provide additional information
on the pharmacodynamics of clinically relevant drug exposures

TABLE 1. MICs and MBCs for study isolates

Antibiotic
MIC/MBC (mg/ml) for isolate:

79 P9802-020

Linezolid 1.0/2.0 0.5/2.0
Moxifloxacin 0.25/0.25 0.125/0.125
Rifampin 0.016/0.032 0.016/0.032
Vancomycin 0.5/1.0 0.5/8.0
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FIG. 1. Simulations of activities of study agents against S. pneumoniae clinical isolates 79 (A) and P9802-020 (B). GC, growth control; RIF, ri-
fampin;LIN, linezolid; VAN, vancomycin; MOX, moxifloxacin. Plotted data represent the means and standard deviations for duplicate simulations.
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for these isolates. The results of this pharmacodynamic study
emphasize the importance of further evaluation of potential
treatment options, including linezolid, moxifloxacin, and ad-
junctive rifampin, for vancomycin-tolerant S. pneumoniae in-
fections.

We acknowledge Charles Peloquin, Division of Infectious Diseases,
National Jewish Medical and Research Center, Denver, Colo., for
analysis of linezolid samples.
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