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Reduced bactericidal efficacy at a high inoculum is known as the inoculum effect (IE). We used neutropenic mice to compare the
IEs of ceftobiprole (CFB), daptomycin (DAP), linezolid (LZD), and vancomycin (VAN) against 6 to 9 strains of Staphylococcus
aureus and 4 strains of Streptococcus pneumoniae at 2 inocula in opposite thighs of the same mice. Neutropenic mice had 104.5 to
105.7 CFU/thigh (low inoculum [LI]) in one thigh and 106.4 to 107.2 CFU/thigh (high inoculum [HI]) in the opposite thigh when
treated for 24 h with subcutaneous (s.c.) doses every 12 h of DAP at 0.024 to 100 mg/kg of body weight and LZD at 0.313 to 320
mg/kg and s.c. doses every 6 h of CFB at 0.003 to 160 mg/kg and VAN at 0.049 to 800 mg/kg. Dose-response data were analyzed by
a maximum effect (Emax) model using nonlinear regression. Static doses for each drug and at each inoculum were calculated, and
the difference between HI and LI (IE index) gave the magnitude of IE for each drug-organism combination. Mean (range) IE in-
dexes of S. aureus were 2.9 (1.7 to 4.6) for CFB, 4.1 (2.6 to 9.3) for DAP, 4.6 (1.7 to 7.1) for LZD, and 10.1 (6.3 to 20.3) for VAN. In
S. pneumoniae, the IE indexes were 2.5 (1.3 to 3.3) for CFB, 2.0 (1.6 to 2.8) for DAP, 1.9 (1.7 to 2.2) for LZD, and 1.5 (0.8 to 3.2)
for VAN; these values were similar for all drugs. In S. aureus, the IE was much larger with VAN than with CFB, DAM, and LZD
(P < 0.05). An in vivo time course of vancomycin activity showed initiation of killing at 4- to 16-fold-higher doses at HI than at
LI despite similar initial growth of controls.

Staphylococcus aureus and Streptococcus pneumoniae are both
important Gram-positive pathogens in many clinical situa-

tions, such as sepsis, pneumonia, and infective endocarditis (1, 2).
Therefore, it is essential to choose the correct antibiotics if treat-
ment is to be successful, and clinicians usually regard in vitro sus-
ceptibility testing, pharmacodynamic characteristics, and prior
clinical trials as guides to antibiotic choice (3–6). However, in
many in vivo situations, patients would be different from the
highly standardized methods used in the microbiology laboratory.
For example, in infections such as endocarditis, osteomyelitis, and
pneumonia, the infecting inoculum can be much higher than that
used for in vitro susceptibility testing. This can result in reduced
bactericidal efficacy or even clinical failure (7–9).

Over 60 years ago, Woods first described this “inoculum effect”
(IE) in vitro (10). This effect has been observed mainly in S. aureus
exposed to �-lactams and glycopeptides, such as vancomycin, but
usually at inocula higher than 107 bacteria per ml (11–13). We
recently have reported a high dosage requirement for vancomycin
with multiple strains of methicillin-resistant S. aureus (MRSA) in
a murine thigh infection model at inocula of 106 to 107 CFU/thigh.
Ten-fold-lower inocula showed much lower dosage requirements
for stasis and 1-log kill (14).

In this study, we compare the inoculum effects in vivo against
methicillin-susceptible and -resistant S. aureus (MSSA and
MRSA, respectively) and penicillin-susceptible and -resistant S.
pneumoniae (PSSP and PRSP, respectively) with ceftobiprole
(CFB), daptomycin (DAP), linezolid (LZD), and vancomycin
(VAN). Two different inocula injected into opposite thighs of the
same neutropenic mice facilitate an accurate comparison of the
inoculum effects with various antibiotics and different organisms.

We have also studied the time course of antimicrobial activity for
different doses of vancomycin against high and low inocula of 2
strains of MRSA injected into opposite thighs of the same neutro-
penic mice.

(These studies were presented in part at the 47th and 48th
Interscience Conferences on Antimicrobial Agents and Chemo-
therapy, Chicago, IL, September 2007, and Washington, DC, Oc-
tober 2008.)

MATERIALS AND METHODS
Organisms, media, and antibiotics. Two methicillin-susceptible S. au-
reus (MSSA) strains, four to seven MRSA (including 2 heteroresistant
vancomycin-intermediate S. aureus [VISA]) strains, two penicillin-sus-
ceptible S. pneumoniae (PSSP) strains, and two penicillin-resistant S.
pneumoniae (PRSP) strains were used for these experiments. Both of the
heteroresistant VISA strains had population analysis profile (PAP) areas
under the concentration-time curve (AUCs) greater than the value for the
reference strain MRSA Mu3 (15). All the other MRSA strains had much
lower PAP AUCs than the reference strain.

S. aureus and S. pneumoniae organisms were grown, subcultured, and
quantified in Mueller-Hinton broth (Difco Laboratories, Detroit, MI), on
Mueller-Hinton agar (Difco), and on sheep blood agar plates (Remel,

Received 27 July 2012 Returned for modification 17 November 2012
Accepted 1 January 2013

Published ahead of print 7 January 2013

Address correspondence to William A. Craig, wac@medicine.wisc.edu.

Copyright © 2013, American Society for Microbiology. All Rights Reserved.

doi:10.1128/AAC.00362-12

1434 aac.asm.org Antimicrobial Agents and Chemotherapy p. 1434–1441 March 2013 Volume 57 Number 3

http://dx.doi.org/10.1128/AAC.00362-12
http://aac.asm.org


Milwaukee, WI). The lower limit of organism quantification in these stud-
ies was 100 CFU/thigh or ml.

Ceftobiprole (Johnson and Johnson, Rariton, NJ), daptomycin (Cub-
ist Pharmaceuticals, Inc., Lexington, MA), and linezolid (Pfizer Inc., New
York, NY) were supplied by each company. Oxacillin and penicillin were
purchased from Sigma Chemical (St. Louis, MO). VAN was provided by
Hospira, Inc. (Lake Forest, IL). Stock solutions of each antibiotic were
freshly prepared at the beginning of each experiment and kept frozen at
�4°C.

In vitro susceptibility tests. The MICs of CFB, DAP, LZD, VAN,
penicillin, and oxacillin for the various isolates were determined by using
standard CLSI microdilution methods (16). The broth microdilution
wells were read at 20 h after incubation at 35°C.

Murine infection model. Six-week-old specific-pathogen-free, female
ICR/Swiss mice weighing 23 to 27 g (Harlan Sprague-Dawley, Madison,
WI) were used for all studies. The animals used were maintained in accor-
dance with the criteria of the American Association for Accreditation of
Laboratory Animal Care (17). All studies were approved by the Animal
Research Committee of the William S. Middleton Memorial Veterans
Affairs Hospital. The mice were made neutropenic (polymorphonuclear
cell count, �100 mm3) by two intraperitoneal (i.p.) injections of cyclo-
phosphamide (Bristol-Myers Squibb, Princeton, NJ) at 150 mg/kg of body
weight at 4 days and 100 mg/kg at 1 day before infection. Broth cultures of
freshly plated bacteria were grown to logarithmic phase overnight to an
absorbance at 580 nm of 0.3 (Spectronic 88; Bausch & Lomb, Rochester,
NY). After dilution into fresh Mueller-Hinton broth, thigh infections with
each of the isolates and inocula were produced by injection of 0.1 ml of
each inoculum into the thighs of isoflurane-anesthetized (Baxter Health-
care Corporation, Deerfield, IL) mice at 2 h before therapy with antibiot-
ics. The starting inocula obtained at 2 h were 104.5 to 105.7 CFU/thigh (low
inoculum [LI]) in one thigh and 106.4 to 107.2 CFU/thigh (high inoculum
[HI]) in the opposite thigh simultaneously.

At 24 h after the start of antibiotics, the animals were killed by CO2

asphyxiation. The thighs were immediately removed, homogenized, and
prepared as 10% homogenates in 0.9% sterile iced saline. Viable counts
were determined by plating duplicate 10-�l aliquots of 10-fold serially
diluted samples of homogenate in saline on Mueller-Hinton agar for S.
aureus and on sheep blood agar for S. pneumoniae. Data were expressed as
the mean (� standard deviation) log10 CFU/thigh (18).

Vancomycin pharmacokinetics. Single-dose serum pharmacokinetic
studies of VAN were performed in neutropenic thigh-infected mice given
subcutaneous (s.c.) doses (0.2 ml/dose) of VAN at 25, 50, 100, 200, and
800 mg/kg. For each of the doses examined, 4 groups of 3 mice were
sampled by retro-orbital puncture at 0.25- to 1-h intervals over 6 h (sam-
ple times included 0.25, 0.5, 0.75, 1, 1.5, 2, 3, 4, 5, and 6 h). Individual
animals were sampled 3 or 4 times. Serum VAN concentrations were
determined by standard microbiologic assays using Bacillus subtilis ATCC
6633 as the test organism. The lower limit of detection was 1.0 �g/ml. The
zone sizes were linear from 1 to 64 �g/ml; higher concentrations were
determined in 1:4 dilutions of individual mouse serum in pooled mouse
serum. The intraday variation was less than 10%. Protein binding in the
serum of infected neutropenic mice was performed by ultrafiltration at
concentrations of 10 and 50 �g/ml (19). Pharmacokinetic parameters
were calculated by noncompartmental analysis. The AUC was calculated
from the mean concentrations by the trapezoidal rule. For doses for which
no kinetics were determined, pharmacokinetic parameters were interpo-
lated from the values of the nearest studied doses.

Treatment protocols. Mice were treated for 24 h with doses every 12
hours of DAP at 0.024 to 100 mg/kg and LZD at 0.313 to 320 mg/kg and
doses every 6 hours of CFB at 0.003 to 160 mg/kg and VAN at 0.049 to 800
mg/kg. Drugs were administered s.c. in 0.2-ml volumes. Saline-treated
control mice were killed just before treatment and after 24 h. Three mice
were used for each time point and dosage regimen for each organism.

A second study examined the time course of vancomycin activity
against HI and LI of two strains of MRSA (19936 and 11888) injected into

opposite thighs of the same mice. Starting inocula were 104.93 to 105.03

CFU/thigh (LI) in one thigh and 106.80 to 106.85 CFU/thigh (HI) in the
opposite thigh. The animals were treated for 24 h with s.c. doses every 6
hours of VAN at 3.125, 12.5, 50, and 200 mg/kg. Groups of three mice
were sacrificed at 2, 4, 6, 8, 12, 14, 18, and 24 h; saline-treated controls
were killed at 0, 2, 6, 12, and 24 h. Thighs were removed and processed as
outlined above.

In vitro kill curves. The effects of different inocula on the in vitro
killing of MRSA 19936 and MRSA 11888 at increasing concentrations of
VAN were compared in MH broth. Both strains of MRSA at HI (107

CFU/ml) and LI (105 CFU/ml) were exposed for 24 h to VAN at 1, 2, 4, and
8 times the MIC. Samples were removed at 0, 1, 2, 3, 4, 5, 6, 12, and 24 h.
Aliquots of serial 10-fold dilutions were plated on agar for CFU determi-
nations.

Data analysis. The results of these studies were analyzed by using a
sigmoid dose-effect model (20–22). The model is derived from the Hill
equation E � (Emax � DN)/(ED50N � DN), where E is the effect or, in this
case, the log change in CFU/thigh between treated mice and untreated
controls after the 24-h period of study, Emax is the maximum effect, D is
the 24-h total dose, ED50 is the dose required to achieve 50% of Emax, and
N is the slope of the dose-effect curve. The parameters of Emax, ED50, and
N were estimated by using nonlinear least-squares regression (Sigma Stat
version 3.10; Systat Software, San Jose, CA). Static doses for each drug and
at each inoculum were calculated and compared by t tests. The ratio of the
static dose between HI and LI (IE index) gave the magnitude of the IE for
each drug-organism combination, and these were compared by t tests and
one-way analysis of variance with Duncan’s test (Sigma Stat).

The correlations between efficacies at high and low inocula and time
above the MIC for CFB and ratios of free drug AUC from 0 to 24 h
(fAUC0-24) to MIC for DAP, LZD, and VAN were also determined by
nonlinear least-squares regression (Sigma Stat). The coefficient of deter-
mination, or R2, was used to estimate the percentage of variance in efficacy
that can be attributed to regression with the important pharmacokinetic
(PK)/pharmacodynamic (PD) indices. Values for the static and 1-log kill
doses were determined at both LI and HI for staphylococci (6 to 9 strains)
and pneumococci (4 strains).

In vivo and in vitro killing and growth rates (change in log10 CFU/
thigh/h) for VAN were determined over 24 h and compared for each
strain of MRSA at LI and HI. All the data at each time point from 0 to 12
h for untreated controls and 0 to 24 h for vancomycin-treated animals or
cultures were used with linear regression to determine killing and growth
rates.

RESULTS
In vitro susceptibility testing. The study organisms and the MICs
of CFB, DAP, LZD, VAN, oxacillin, and penicillin are listed in
Table 1. MICs of CFB against S. pneumoniae strains varied by
32-fold. The ranges of MICs for the other three drugs against S.
pneumoniae and all four drugs against S. aureus varied 4-fold or
less. The in vitro potency of CFB against S. aureus was modestly
affected by �-lactam resistance.

Pharmacokinetics of vancomycin and other drugs. The PK
characteristics of VAN in infected neutropenic mice following a
single subcutaneous dose of 25, 50, 100, 200, or 800 mg/kg VAN
are shown in Table 2. Over the dosage range studied, PK param-
eters were moderately dose dependent, with the elimination half-
life increasing 2-fold, from 26.5 min to 52 min, as the dose rose
from 25 to 800 mg/kg. The AUC/dose values for the escalating
single doses ranged from 0.83 to 1.1, and the maximum concen-
tration of the drug (Cmax)/dose values ranged from 0.32 to 1.4.
Protein binding of VAN in mouse serum was 26%.

The PK characteristics for DAP, LZD, and CFB were taken
from our recent publications using the same neutropenic thigh
model (20–22). The AUCs for single s.c. doses of DAP at 10 and 40
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mg/kg were 93 and 375 mg · h/liter, respectively. The AUCs for
LZD at s.c. doses of 20 and 80 mg/kg were 18.5 and 112 mg · h/liter,
respectively. For CFB, the PK characteristics were slightly dose
dependent at doses of 10, 40, and 160 mg/kg. The half-life in-
creased from 19.0 to 31.7 min, while the AUC/dose increased from
0.6 to 1.3 and the Cmax/dose decreased slightly from 1.1 to 0.9. The
protein binding in mouse serum was 90% for DAP, 22% for LZD,
and �5% for CFB.

Twenty-four-hour static dose determinations according to
inoculum size. At the start of therapy, the difference in inocula
between the thighs in each mouse was 1.8 � 0.3 log10 CFU/thigh,
with no significant differences according to the organisms and
presence of resistance. Strains grew well in each thigh (1.1 to 4.1
and 0.8 to 2.8 log10 CFU/thigh in LI and HI, respectively, over 24 h
in controls).

Calculations of the doses (mg/kg/24 h) of CFB, DAP, LZN, and
VAN required to achieve stasis at LI and HI against multiple or-
ganisms are shown in Table 3. Mean (range) IE indexes for S.
aureus were 2.9 (1.7 to 4.6) for CFB, 4.1 (2.3 to 9.3) for DAP, 4.6
(1.7 to 7.1) for LZD, and 10.1 (6.3 to 20.3) for VAN. The median
IE indexes for CFB, DAP, LZD, and VAN were 2.8, 3.1, 4.1, and
7.4, respectively. Methicillin resistance did not alter the magni-
tude of static doses required for efficacy for all four study drugs.
The IE index of VAN for S. aureus was higher than those for the
other three antibiotics (P � 0.002). One strain (MRSA 11888) had
the highest IE indexes for DAP, LZD, and VAN, which increased
the mean values for those three drugs.

In S. pneumoniae, the mean (range) IE indexes were 2.5 (1.3 to 3.3)
for CFB, 2.0 (1.6 to 2.8) for DAP, 1.9 (1.7 to 2.2) for LZD, and 1.5 (0.8
to 3.2) for VAN. The median IE indexes for CFB, DAP, LZD, and
VAN were very similar, at 2.7, 1.9, 1.9, and 1.1, respectively. Penicillin
resistance raised the magnitude of the static dose for CFB but not for
the other three antibiotics. The IE indexes for all four drugs were not
statistically different (P � 0.38). The IE index of VAN for S. pneu-
moniae was lower than that for S. aureus (P � 0.005). The IE index of
LZD for S. pneumoniae was also lower than the values for S. aureus
(P � 0.04). The values for the other two drugs for S. pneumoniae were
not statistically different from that for S. aureus.

Pharmacodynamic analysis and comparison according to
the inoculum size. The relationships between time above the MIC
for CFB and fAUC0-24/MIC for DAP, LZD, and VAN at HI and LI
are illustrated in Fig. 1 for all 6 to 9 staphylococci and 4 pneumo-
cocci. Coefficients of determination (R2) at different inocula were
highly statistically significant for all drug-organism combinations
and ranged from 67 to 93% with CFB, 76 to 91% with DAP, 77 to
89% with LZD, and 81 to 88% with VAN. Surprisingly, the bacte-
ricidal activities of DAP and VAN were reduced at LI compared to
the activities at HI.

The calculated times above the MIC for CFB and the total and
free (f) drug AUC0-24/MIC values for DAP, LZD, and VAN for
stasis and 1-log kill with staphylococci and pneumococci at LI and
HI are shown in Table 4. The times above the MIC for CFB for
stasis and 1-log kill were low and ranged from 8 to 20% of the
dosing interval at both LI and HI. The fAUC0-24/MIC values with
DAP, LZD, and VAN for stasis with both organisms at LI ranged
from 5 to 30. The value for these drugs at HI increased at most
2-fold for S. pneumoniae. However, the fAUC0-24/MIC values at
HI for S. aureus were 3.6-fold higher for DAP, 4.3-fold higher for
LZD, and 6.4-fold higher for VAN than the values obtained at LI
for the same drugs.

Time course of in vivo antibacterial activity of vancomycin.
The time courses of dosing every 6 hours of 4 different doses of
VAN at LI and HI for 2 strains of MRSA (19936 and 11888) in
neutropenic mice are shown in Fig. 2. Killing at HI started at doses

TABLE 1 In vitro activity of antimicrobials against strains of S. aureus and S. pneumoniae

Organisma

MIC (mg/liter)

Ceftobiprole Daptomycin Linezolid Vancomycin Oxacillin Penicillin

S. aureus strains
ATCC 29213 (MSSA) 0.5 0.5 2 1.0 0.12
SMITH (MSSA) 0.5 0.25 4 0.5 0.06
22115 (MRSA) 1 0.25 2 1.0 	64
18000 (MRSA) 1 0.25 2 0.5 16
12248 (MRSA) 2 0.12 2 0.5 64
11888 (MRSA) 2 0.25 1 0.5 	64
19936 (MRSA) 0.5 	64
21773 (hVISA) 0.5 64
20594 (hVISA) 0.5 	64

S. pneumoniae strains
ATCC 10813 (PSSP) 0.03 0.12 1 0.12 � 0.008
MNO-418 (PSSP) 0.015 0.25 0.5 0.12 � 0.008
CDC 1293 (PRSP) 0.5 0.25 0.5 0.25 2.0
CDC 1329 (PRSP) 0.25 0.12 0.25 0.12 2.0

a Abbreviations: MSSA, methicillin-susceptible S. aureus; MRSA, methicillin-resistant S. aureus; hVISA, heteroresistant vancomycin-intermediate S. aureus; PSSP, penicillin-
susceptible S. pneumoniae; PRSP, penicillin-resistant S. pneumoniae.

TABLE 2 Single-dose pharmacokinetics of vancomycin in infected
micea

Dose (mg/kg) Cmax (mg/liter) t1/2 (min) AUC (mg · h/liter)

25 34.1 26.5 27.6
50 57.5 29.0 45.0
100 72.7 34.3 85.8
200 112 42.0 165
800 252 52.0 680
a t1/2, half-life.

Lee et al.
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that were 4- and 16-fold higher than those resulting in killing at LI.
The in vivo killing rates were also lower at HI than at LI (Table 5).
In vivo growth over the first 6 h was similar at HI and LI (1.4 log10

for both inocula of MRSA 19936 and 1.9 log10 versus 1.8 log10,
respectively, for MRSA 11888). However, growth after 6 h was
much lower at HI than at LI (0.3 log10 versus 1.7 log10 for MRSA
19936 and 0.3 log10 versus 1.3 log10 for MRSA 11888). The differ-
ence between in vivo growth and killing at most doses of vanco-
mycin was already apparent by 6 h.

In vitro kill curves with vancomycin. In vitro kill curves for
VAN at increasing concentrations against MRSA 11888 in MH
broth at HI and LI are shown in Fig. 3. The in vitro growth rates
were similar at both inocula over the first 4 h. However, there was
no in vitro difference for when killing began between the two in-
ocula. The only effect of HI on in vitro activity of VAN was a lower
rate of killing (Table 5). Similar results were obtained with MRSA
19936, as shown in Table 5.

DISCUSSION

Vancomycin has been considered to be one of the standard drugs
for the treatment of infections during the era of increasing multi-
drug-resistant Gram-positive organisms (23–25). However, VAN
failure rates among patients with endocarditis, bacteremia, or bac-
teremic pneumonia due to S. aureus have ranged from 37% to as
high as 58% (8, 26, 27). Several studies have observed no differ-
ences in the MICs of the MSSA and MRSA strains between pa-
tients who failed therapy and those who had a successful outcome
(28–31). The reasons for the failure are probably multifactorial.

Some of the factors previously associated with a poor outcome
include low bactericidal activity in in vitro killing assays (32), poor
pharmacokinetic properties, such as low penetration into epithe-
lial lining fluid (33), AUC0-24/MIC ratios less than 400 (34), a
VAN trough level of �15 mg/liter (5, 27), and an increase or
gradual rise in MICs to values of 2.0 mg/liter (27, 35). Our studies
suggest that moderately high inocula are another factor that can
have a negative effect on the in vivo efficacy of VAN.

Previous studies with Gram-negative bacilli have not observed
any significant inoculum effect with inocula from 105 to 108 for
several antimicrobials (36, 37). This study also confirms our pre-
vious experience that a significant inoculum effect is not observed
with Streptococcus pneumoniae within this range of inocula. How-
ever, our results with DAP, LZD, and VAN against both MSSA and
MRSA strains demonstrate a significant inoculum effect with
these organisms. CFB resulted in the smallest inoculum effect with
the various strains of S. aureus. Prior reports of the total drug
AUC0-24/MIC for VAN to produce stasis in the neutropenic mu-
rine thigh model with inocula around 107 have ranged from 86 to
460 (28, 38). Lower values around 25 were observed in this study
at an inoculum of 105. Our previously published fAUC0-24/MIC
values for DAP and total drug AUC0-24/MIC values for LZD in the
same neutropenic murine thigh model against S. aureus at inocula
around 106 to 107 for stasis ranged from 39 to 54 (mean � 44) and
from 75 to 237 (mean � 89), respectively (20, 22). Slightly higher
fAUC0-24/MIC values were observed in these studies for staphylo-
cocci with both drugs (mean � 61 for DAP and 106 for LZD), but

TABLE 3 Inoculum effect and index for each drug and each organisma

Organism

Static dose (mg/kg/day) and IE index with:

Ceftobiprole Daptomycin Linezolid Vancomycin

LI HI IE index LI HI IE index LI HI IE index LI HI IE index

MSSA
29213 2.54 11.8 4.6 20.8 53.6 2.6 100 323 3.2 34.4 243 7.1
SMITH 4.51 8.55 1.9 5.61 13.6 2.4 63.1 316 5.0 12.1 75.8 6.3

MRSA
22115 15.3 57.0 3.7 6.25 14.1 2.3 56.5 222 3.9 16.9 125 7.4
18000 4.41 7.50 1.7 2.49 11.3 4.5 51.7 212 4.3 7.52 112 14.9
12248 50.3 97.5 1.9 2.93 10.4 3.6 94.2 162 1.7 9.40 95.8 10.2
11888 40.0 149 3.7 1.70 15.8 9.3 8.81 62.5 7.1 12.7 258 20.3
19936 6.01 66.4 11.0
21773 13.9 92.4 6.6
20594 8.16 58.4 7.2

S. aureus (mean � SD) 2.9 � 1.2 4.1 � 2.7 4.6 � 2.3 10.1 � 4.7b

PSSP
10813 0.182 0.237 1.3 0.304 0.553 1.8 29.8 65.4 2.2 1.10 3.48 3.2
MNO-418 0.134 0.358 2.7 1.02 2.01 2.0 28.3 48.2 1.7 2.95 3.45 1.2

PRSP
CDC 1293 4.04 11.1 2.7 2.08 5.77 2.8 17.3 34.7 2.0 8.07 6.08 0.8
CDC 1329 2.56 8.37 3.3 0.551 0.890 1.6 9.30 17.0 1.8 2.52 2.37 0.9

S. pneumoniae (mean � SD) 2.5 � 0.8 2.0 � 0.5 1.9 � 0.2c 1.5 � 1.1c

a Abbreviations: LI, low inoculum; HI, high inoculum; IE, inoculum effect; MSSA, methicillin-susceptible S. aureus; MRSA, methicillin-resistant S. aureus; PSSP, penicillin-
susceptible S. pneumoniae; PRSP, penicillin-resistant S. pneumoniae; SD, standard deviation.
b Statistically different from the IE indexes of ceftobiprole, daptomycin, and linezolid against Staphylococcus aureus (P � 0.05).
c Statistically less for S. pneumoniae than for S. aureus (P � 0.05).
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the mean starting inocula were also 0.3 to 0.5 log10 CFU/thigh
higher in the current study. Much lower mean fAUC0-24/MIC val-
ues of 17 for DAP and 25 for LZD were observed at the LI. In fact,
the fAUC0-24/MIC values at LI for DAP, LZD, and VAN with
staphylococci are very close to what one would expect if unbound
drug concentrations in serum averaged 1 times the MIC for 24 h.
In contrast, at the HI, one would need to average more than 3, 4,
and 6 times the MIC to just get stasis with DAP, LZD, and VAN,
respectively.

Most reports studying IE have used more than 107 CFU as the
HI for simulation of abscesses or vegetations in infective endocar-
ditis (11, 12, 39). LaPlante and Rybak found that very HI (9.5 log10

CFU/g) significantly reduced the killing rates of VAN and nafcillin
against MRSA strains in an in vitro pharmacodynamic model with
simulated endocarditis vegetations. Vancomycin demonstrated
bactericidal activity as early as 32 h after administration for LI
(105.5) but did not achieve bactericidal activity throughout the 72
h of study for HI. The inoculum appeared to influence the activity
of drugs in the following order: nafcillin 	 VAN 	 DAP 	 LZD
(12). It has been known that cell wall active agents have large IEs at
very high inocula since most organisms are in the stationary

growth phase and one needs growing bacteria to observe bacterial
killing (7, 11). We chose to compare inocula of 105 and 107 be-
cause we did not want early differences in the growth rate to affect
our results. In our in vitro time-kill studies with VAN, the initial
growth rates and the onset of killing were similar at both inocula
but the rate of killing was lower at 107 CFU/ml than at 105 CFU/
ml. However, in vivo, the onset of killing at HI occurred at 4- to
16-fold-higher dosages of VAN than observed at LI. Once killing
was started, we still observed a lower in vivo killing rate by VAN at
HI than at LI. In these studies, we observed similar growth rates
over the first 6 h in saline-treated mice at both LI and HI; growth
rates after 6 h were much lower at HI than at LI. However, at
several VAN dosages, growth was already observed at 6 h at HI
while killing was seen in the opposite thigh at LI. Thus, we do not
think our observations can be explained entirely by different in
vivo growth rates at LI and HI.

Another possible explanation is the rapid reduction of free
VAN concentrations at very HI of staphylococci caused by an
excessive binding of the drug to staphylococci and their products
(40). The antibacterial target for VAN is the D-alanyl-D-alanine
dipeptide of the membrane muropeptides (41). However, there

FIG 1 Relationship between time above the MIC for ceftobiprole and 24-hour AUC/MIC ratios for daptomycin, linezolid, and vancomycin, and change in log10

CFU/thigh at both low (open circles) and high (solid circles) inocula against Staphylococcus aureus (MSSA and MSSA) and Streptococcus pneumoniae (PSSP and
PRSP) that were injected into opposite thighs of neutropenic mice. Each symbol represents the mean of the data for 3 mice. The dotted line is the line of best fit
for low-inoculum data, and the solid line is the line of best fit for high-inoculum data.

TABLE 4 Pharmacokinetic-pharmacodynamic indexes and the magnitudes (� standard errors) for free and total drug required for stasis and 1-
log10 kill at 24 h of S. aureus and S. pneumoniae at low and high inocula in opposite thighs of the same neutropenic mice

Organism Inoculum

Time above the MIC (%)
with ceftobiprole

f AUC/MIC (total AUC/MIC)

Daptomycin Linezolid Vancomycin

Stasis 1-log kill Stasis 1-log kill Stasis 1-log kill Stasis 1-log kill

S. aureus Low 11.4 � 0.8 15.3 � 1.0 16.9 � 3.4 (169) 71.6 � 14.4 (716) 25.1 � 5.1 (32.2) 101 � 21 (129) 24.5 � 4.0 (33.1) 62.6 � 10.1 (84.6)
High 16.1 � 0.9 19.8 � 1.1 60.8 � 11.2 (608) 99.2 � 18.3 (992) 109 � 20 (140) 249 � 46 (319) 157 � 23 (212) 295 � 44 (399)

S. pneumoniae Low 8.39 � 1.87 13.8 � 3.1 4.62 � 0.67 (46.2) 8.51 � 1.22 (85.1) 30.1 � 2.8 (38.6) 60.7 � 5.6 (77.8) 12.6 � 2.6 (17.0) 28.2 � 5.8 (38.1)
High 16.7 � 1.2 18.4 � 1.3 6.66 � 0.84 (66.6) 13.4 � 1.7 (134) 59.8 � 5.9 (76.7) 127 � 13 (163) 16.8 � 3.2 (22.7) 28.9 � 5.5 (39.1)

Lee et al.

1438 aac.asm.org Antimicrobial Agents and Chemotherapy

http://aac.asm.org


are large amounts of D-ala-D-ala sequences in the preexisting cell
wall, and binding to this D-ala-D-ala has no antibacterial effect and
the sequence behaves as a false target. VAN binds to both true and
false D-ala-D-ala targets. It is calculated that each S. aureus cell has
106 false targets and 103 to 104 true targets (41). At 100-fold-higher
inocula, there will be 100-fold-higher density of both the true and
false targets but the same number of drug molecules. One would
expect that binding to the increased number of false targets may
decrease the activity of vancomycin. Extract staphylococcal slime
has also been shown to reduce the activity of vancomycin 4-fold
(42). Early slime and biofilm formation may also explain the in-
oculum effect observed with staphylococci and the difference
among various strains (43). Previous studies have demonstrated
that the ultrastructure of staphylococci in vivo is comparable to

that of staphylococci grown on a solid support medium, such as a
membrane, and different from that of staphylococci grown in a
liquid medium (44). Organisms growing on a surface are usually
more resistant to killing by antibiotics (43). This may explain why
a larger inoculum effect is observed with most antibiotics with
staphylococci in vivo than in vitro when comparing 105 and 107

CFU/thigh or ml.
Another observation from our in vivo studies is the lower bac-

terial killing of staphylococci at LI than at HI. Staphylococci are
known to be taken up by a variety of cells, including endothelial
cells, fibrocytes, and monocytes (45, 46). We suspect that the per-
centage of bacteria taken up by these cells may saturate at lower
inocula. Thus, at HI, a higher percentage of the staphylococci
would be in extracellular sites than would be at LI. In addition, the

FIG 2 In vivo time course of antibacterial activity of vancomycin at 3.125, 12.5, 50, and 200 mg/kg, administered s.c. every 6 h at both low (solid circles) and high
(solid triangles) inocula of MRSA 19931 (Fig. 2A) and MRSA 11888 (Fig. 2B) injected into opposite thighs of neutropenic mice. Open circles and triangles
represent the growth in saline-treated controls.

TABLE 5 Change in log10 CFU/thigh per hour for in vivo and in vitro growth and killing of MRSA 19936 and 11888 exposed at low and high
inocula to vancomycina

Expt type and
strain Inoculum

Change in log10 CFU/thigh per hour in control or with each dose

Control
3.125 mg/kg
q6h

12.5 mg/kg
q6h

50 mg/kg
q6h

200 mg/kg
q6h

1� the
MIC

2� the
MIC

4� the
MIC

8� the
MIC

In vivo
MRSA 19936 Low 0.215 0.097 �0.072 �0.059 �0.070

High 0.143 0.064 0.031 �0.060 �0.073
MRSA 11888 Low 0.197 0.138 �0.028 �0.058 �0.088

High 0.162 0.076 0.080 0.038 �0.060

In vitro
MRSA 19936 Low 0.310 �0.083 �0.107 �0.112 �0.110

High 0.166 �0.071 �0.080 �0.082 �0.081
MRSA 11888 Low 0.262 �0.091 �0.098 �0.105 �0.102

High 0.112 �0.052 �0.071 �0.073 �0.073
a Negative numbers reflect killing. q6h, every 6 h.
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killing of intracellular staphylococci by DAP, LZD, and VAN is
quite low and varies from 0.4 log10 to 1.0 log10 CFU/cell over 24 h
(45, 47).

Our data with inocula around 107 CFU/thigh are close to the
pharmacodynamic targets observed with serious infections in pa-
tients treated with VAN. For example, stasis and a 1-log kill of S.
aureus for VAN required total drug AUC0-24/MIC ratios of 212
and 399, respectively. Two retrospective reviews of MRSA bacte-
remia with and without associated endocarditis treated with VAN
identified AUC0-24/MIC values of 211 and 421 by classification
and regression tree (CART) analysis that best differentiated suc-
cess from failure in their respective patient populations (27, 48).
The total drug AUC0-24/MIC values observed in mice for stasis
and 1-log kill with LZD were 140 and 319, respectively. The only
pharmacodynamic clinical efficacy analysis for bacteremia with
LZD reported a median AUC0-24/MIC value of 128 for eradicated
cases and 65 failed cases (49). However, most of the patients had
infections due to vancomycin-resistant enterococci rather than to
MRSA. There are, as yet, no reported clinical studies on a phar-
macodynamic target for efficacy of daptomycin therapy.

In conclusion, IE was observed most profoundly with VAN
compared to with CFB, DAP, and LZD (P � 0.05) in S. aureus,
regardless of oxacillin resistance. The increase in the static dose for
VAN ranged from 6.3- to 20.3-fold. The increase in the static dose
with all other drugs ranged only from 1.7- to 9.3-fold. The IEs of
all 4 drugs for strains of S. pneumoniae were similar and not altered
by penicillin resistance. The AUC0-24/MIC values for VAN ob-
served for S. aureus at HI tended to reflect pharmacodynamic
targets for efficacy identified in retrospective clinical trials of pa-
tients with serious MRSA infections. Studies with newer anti-
staphylococcal drugs should also include animal efficacy studies at
HI. Our data also suggest that patients with LI (around 105) infec-
tions, for which the Gram stain shows only a few staphylococci,
may be effectively treated with VAN at much lower AUC0-24/MIC
targets.
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