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Ceftobiprole is a cephalosporin with potent activity against methicillin (meticillin)-resistant Staphylococcus
aureus (MRSA). In order to treat patients with severe staphylococcal pneumonia, it is important to understand
the drug exposure required to mediate the killing of multiple log10 cells in a preclinical-infection model. We
measured drug exposure in terms of the percentage of penetration of the drug into epithelial lining fluid (ELF)
and in terms of the time for which the drug concentration was above the MIC (time>MIC) in plasma and ELF.
In a murine model of staphylococcal pneumonia, we demonstrated that ceftobiprole penetrated into ELF from
the plasma at a median level of nearly 69% (25th to 75th percentile range, 25 to 187%), as indexed to the ratio
of values for the area under the concentration-time curve in ELF and plasma. The total-drug times>MIC in
ELF that were required to kill 1 log10 and 2 log10 CFU/g of lung tissue were 15% and 25% of the dosing interval.
We also examined the penetration of ELF by ceftobiprole in volunteers, demonstrating mean and median
penetration percentages of 25.5% and 15.3%, respectively (25th to 75th percentile range, 8 to 30%). Attainment
rates were calculated for kill targets of 1 log10 and 2 log10 CFU/g, taken from the murine model, but using the
volunteer ceftobiprole ELF penetration data. The standard dose for ceftobiprole is 0.5 g every 8 h as a 2-h
infusion. The attainment rates remained above 90% for 1-log10 and 2-log10 CFU/g kill targets at MICs of 1 and
0.5 mg/liter, respectively. Taking the expectation over the distribution of ceftobiprole MICs for 4,958 MRSA
isolates showed an overall target attainment of 85.6% for a 1-log10 CFU/g kill and 79.7% for a 2-log10 CFU/g
kill. It is important to derive exposure targets in preclinical-infection models of the infection site so that these
targets can be explored in clinical trials in order to optimize the probability of a good clinical outcome.

A critical but little-studied issue is the exposure targets re-
quired at different infection sites. As an example, because of
penetration issues due to the blood-brain barrier, one would
not expect a priori that the dose choice that would be success-
ful for a skin or soft-tissue infection would be adequate for
meningitis therapy. Similarly, identifying the minimal amount
of drug exposure necessary for therapy in a mouse thigh infec-
tion model may not provide good guidance for the therapy of
pneumonia. It is critical to identify the concentration-time
profile of a drug at the primary infection site of interest and to
link this to the microbiological effect in our preclinical models.

For �-lactam antibiotics, the time for which the concentra-
tion of free drug is above the MIC (free-drug time�MIC) is
most closely linked to outcome (2, 8). Surprisingly, �-lactam
antibiotics show a broad range of abilities to penetrate into the
lung, as measured by their concentrations in epithelial lining
fluid (ELF). For instance, ceftazidime has 21% penetrance (4),
while cefepime’s penetration exceeds 100% (3). Likewise,
there may well be differences across species. It is well known
that macrolides have differential penetration into ELF, de-
pending on the species studied (17, 20). It may also be that the

half-time of concentration at the infection site is also impor-
tant to the outcome.

Ceftobiprole is a new cephalosporin with good activity
against methicillin (meticillin)-resistant Staphylococcus aureus
(MRSA) (1). Because this pathogen is a major problem in
hospital- and ventilator-associated pneumonia and is an
emerging problem in community-acquired pneumonia, we be-
lieved that it was important to study the penetration and mi-
crobiological activity of ceftobiprole in a murine pneumonia
model, to define the exposure targets associated with good
microbiological activity in this model, to determine the pene-
tration of this drug into ELF in humans, and thereby to eval-
uate the utility of standard ceftobiprole drug doses for MRSA
pneumonia in humans.

MATERIALS AND METHODS

For the murine pneumonia model employed, the methods have been fully
defined previously (7). All animal experimentation was approved by the Hartford
Hospital IACUC.

Antimicrobials. Ceftobiprole (BAL9141) and ceftobiprole medocaril
(BAL5788; the prodrug of ceftobiprole) were supplied by Johnson & Johnson
Pharmaceutical Research & Development (Raritan, NJ) for in vitro and in vivo
experiments, respectively.

Bacteria. As previously reported (14), eight strains of S. aureus were employed
in this evaluation for ceftobiprole. There were two methicillin-susceptible S.
aureus isolates, three community-acquired MRSA isolates, and three hospital-
acquired MRSA isolates. Details of handling have been provided previously (14).
MICs were determined by CLSI methodology (7).
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Animals. BALB/cAnNCr (14) mice (age, 7 to 9 weeks; weight, 15 to 22 g;
female) were studied. They were obtained from the National Cancer Institute,
Frederick, MD. IACUC approval was obtained for all experiments. Mice were
acclimated for 7 to 14 days and were rendered neutropenic with cyclophospha-
mide as previously described (14).

Induction of experimental pneumonia. A bacterial inoculum containing 107

CFU/ml of S. aureus was prepared in a 3% suspension of mucin from porcine
stomach, type II (Sigma Chemical Co.), and normal saline (14). The neutropenic
mice were anesthetized with vaporized isoflurane. An inoculum of 0.05 ml was
administered orally, with nasal blockage until the challenge inoculum was aspi-
rated. An oxygen-rich environment was used for recovery and the subsequent
randomization of the mice into groups.

Pharmacokinetic studies. Ceftobiprole medocaril was prepared in sterile wa-
ter. All injection volumes were 0.2 ml. Single doses (subcutaneous) of 1.0, 2.5,
10.0, and 25.0 mg/kg of body weight were studied. Injections were given to
infected animals 6 h post-bacterial challenge. Blood was obtained terminally by
cardiac puncture and was collected in EDTA-containing tubes (six per time
point) at 0.25, 0.5, 1, 1.5, 2, 2.5, 3, and 4 h after administration. Plasma was
collected by centrifugation and stabilized by addition of 3 �l of 2 M citric acid.
Bronchoalveolar lavage (BAL) was performed on each animal, at 0.25, 1, 2, and
4 h, in order to obtain ELF. The methodology has been described previously (11,
14). A 10-�l volume of 2 M citric acid was added for the stabilization of
ceftobiprole medocaril. Concentrations of ceftobiprole in plasma and BAL fluid
were determined by a validated high-performance liquid chromatography assay
at Johnson & Johnson. The limit of quantification was 0.01 mg/liter in all
matrices, and the between-day coefficient of variation was �12%. The assay
distinguishes between the prodrug and the active drug. Plasma and BAL fluid
samples were tested for the urea concentration with a commercially available
urea kit (Teco Diagnostics, Anaheim, CA). The performance of the kit has been
reported previously, as have the calculation of the concentration of ceftobiprole
in ELF from that in BAL fluid and the calculation of the concentrations of urea
in plasma and BAL fluid (14).

Pharmacodynamic studies. Multiple dosing regimens were administered sub-
cutaneously to study mice in order to provide different exposures. Five mice were
used in each cohort (regimen, infecting organism). At zero hour (approximately
6 h after inoculation), lungs were collected from a group of untreated controls.
This provided a baseline measurement of the bacterial density in the lung.
Ceftobiprole and sterile water (the latter was used as a no-treatment control)
were initiated 6 h after inoculation and continued for 24 h. Dosages of 1 to 25
mg/kg administered once to five times daily were used in order to provide a wide
range of ceftobiprole exposures. Lungs were harvested aseptically 24 h after the
beginning of drug administration. They were then homogenized in 1.0 ml of
normal saline. Homogenate dilutions (100 to 105 in saline) were plated onto 5%
sheep blood agar and Columbia nutrient agar (Remel Inc., Lenexa, KS) for the
prevention of contamination with gram-negative bacteria. The cultures were
incubated at 35°C for as long as 48 h. The limit of detection in lung tissue was 2 �
102 CFU/ml. Protein binding data for ceftobiprole in mice (19%) were provided
by the study sponsor (Johnson & Johnson Pharmaceutical Research & Devel-
opment).

Healthy human subjects for determination of the penetration of ELF by
ceftobiprole. Twenty-five healthy, nonsmoking subjects, �18 years of age, were
studied at a presumed steady state (around the 4th dose of ceftobiprole [a
500-mg dose was given every 8 h as a 2-h constant-rate intravenous infusion]) for
ceftobiprole pharmacokinetics. For all subjects, a history was taken, a physical
examination was performed, and clinical laboratory parameters were assessed as
normal for study inclusion. The study was approved by the institutional review
board. All subjects gave written informed consent.

Bronchoscopy, BAL, and blood sampling. Twenty-four subjects each under-
went one standardized bronchoscopy and BAL in an outpatient surgical facility
at 2.5, 4, 6, or 8 h following the start of the last intravenous infusion of antibiotic.
One subject who had blood obtained for determination of ceftobiprole plasma
concentrations declined to have a bronchoscopy. A blood sample to determine
the concentrations of the drug and urea was obtained just prior to the scheduled
bronchoscopy and was kept on ice until it was centrifuged. Blood samples to
determine ceftobiprole concentrations were obtained at hours 8, 16, and 24 prior
to the last dose and at hours 24.5, 25.25, 26, 26.5, 27, 28, 30, and 32 during the
last dosing interval, where a 2-h intravenous infusion was employed.

Population modeling approach and Monte Carlo simulation. The population
modeling approach and Monte Carlo simulation are described in the Appendix.

Drug assay. Ceftobiprole concentrations in plasma and ELF were quantitated
at SFBC Analytical Laboratories by a validated liquid chromatography-tandem
mass spectrometry assay. The standard curves for ceftobiprole in plasma and
BAL fluid were linear (r2 � 0.99; ranges of concentrations, 50 to 25,000 ng/ml

and 20 to 10,000 ng/ml, respectively). The precision of quality control samples for
plasma ranged from 4.98% to 6.40%. Accuracy ranged from 3.74% to 7.24%. For
BAL fluid, precision and accuracy ranged from 1.31% to 11.53% and �1.47% to
�0.07%, respectively. The lower limits of quantitation in plasma and BAL fluid
were 50 and 20 ng/ml, respectively. The assay distinguishes between the prodrug
and the active drug.

Urea assay. Concentrations of urea in plasma were analyzed spectrophoto-
metrically by Quest Diagnostics using an Olympus AU5431 Chemistry Immuno
Analyzer with a commercially available assay kit (OSR6636). The lower limit of
quantitation for urea in plasma was 2 mg/dl. Concentrations of urea in ELF were
measured at SFBC Analytical Laboratories using a liquid chromatography-tan-
dem mass spectrometry assay. The standard curves for urea in BAL fluid were
linear (r2 � 0.999; range of concentrations, 0.02 to 1.0 mg/dl). The intraday
precision and accuracy for quality control samples ranged from 1.33% to 5.34%
and �3.82% to 4.15%, respectively. The interday precision and accuracy ranged
from 1.53% to 5.73% and 1.37% to 3.00%, respectively. The lower limit of
quantitation for urea in BAL fluid was 0.02 mg/dl.

Concentration of the drug in ELF. The concentration of ceftobiprole in ELF
was calculated as ceftobiproleBAL � VBAL/VELF, where ceftobiproleBAL is the
measured concentration of the antimicrobial agent in BAL fluid, VBAL is the
volume of aspirated BAL fluid, and VELF is the volume of ELF sampled by BAL.
VELF is calculated as VBAL � ureaBAL/ureaserum, where ureaBAL is the concen-
tration of urea in BAL fluid and ureaserum is the concentration of urea in serum.

Inhibitory sigmoid Emax effect modeling. The decline in the measured CFU
per gram of lung tissue served as the dependent variable. The free-drug
time�MIC in plasma and the total-drug time�MIC in ELF served as the inde-
pendent variables. The equation linking them is as follows: log10 CFU/g �
Econ � {Emax � [time�MICH/(time�MICH � EC50

H)]}, where Econ is the
number of organisms at 24 h in the mouse lung in the absence of treatment; Emax

is the maximal decline in the number of organisms achievable by drug adminis-
tration at 24 h; EC50 is the time�MIC associated with 50% of maximal effect;
and H is Hill’s constant. All data for all eight isolates of Staphylococcus aureus
were considered together for the purposes of generating time�MIC targets.

RESULTS

MICs for the challenge organism. Of the eight isolates em-
ployed, two were methicillin-susceptible S. aureus isolates
(ceftobiprole MIC, 0.25 mg/liter) and six were MRSA isolates
(three community-acquired MRSA isolates with MICs of 1, 1,
and 2 mg/liter; three hospital-acquired MRSA isolates, with
MICs of 0.5, 1, and 1 mg/liter).

Murine ceftobiprole pharmacokinetics. The model fit the
data well. After the Bayesian step, the regression equation for
plasma data was as follows: observed � 1.037 � predicted �
0.00365 (r2 � 0.977; P �� 0.001; n � 157). For ELF data, the
regression equation was as follows: observed � 0.945 � pre-
dicted � 0.0482 (r2 � 0.972; P �� 0.001; n � 93).

After the Bayesian step, the pharmacokinetic parameter val-
ues were grouped by dose. Extensive simulation demonstrated
that using modal values as the measure of central tendency
produced the best fit of the model to the data. After breakout
by dose, the median of the values derived from the modes gave
the most faithful simulation, especially for ELF values.

The area under the concentration-time curve (AUC) in
plasma (AUCplasma), the AUCELF, and the penetration of ELF
by the drug were determined by a 9,999-subject Monte Carlo
simulation. For AUCplasma, the median was 68.8 mg � h/liter
and the interquartile range was 37.2 to 122.6 mg � h/liter. For
AUCELF, the median was 46.0 mg � h/liter and the interquar-
tile range was 14.5 to 153.8 mg � h/liter. The median penetra-
tion percentage was 68.8%, and the interquartile range was
25.1 to 187.3%.

Ceftobiprole pharmacodynamics in the murine pneumonia
model. All of the cell kill data for all the strains were comodeled
simultaneously after doses and schedules were transformed into
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free-drug time�MIC, with the assumption of a mouse plasma
protein-binding level of 19% (free fraction, 81%), and were also
transformed into total-drug time�MIC in ELF.

The results are displayed in Fig. 1A for plasma and in Fig.
1B for ELF. The overall r2 for plasma was quite acceptable, at
0.817. For stasis, ceftobiprole as free drug must be present in
plasma at a concentration in excess of the MIC for 8.8% of a
24-h period. For cell kills of 1 and 2 log10 CFU/g, these per-
centages are 13.5% and 23%, respectively. The 95% confi-
dence intervals (Fig. 1A) around the point estimates of the
mean parameters are quite tight.

Examination of Fig. 1B demonstrates that the overall r2 for
ELF was, again, quite acceptable, at 0.801. For stasis, ceftobiprole
as total drug must be present in ELF at a concentration in excess
of the MIC for 7.7% of a 24-h interval. For cell kills of 1 and 2
log10 CFU/g, these percentages are 12.9% and 24%, respectively.
As in Fig. 1A, the 95% confidence intervals are tight.

For extrapolation to humans, we decided that since bacterial
pneumonia is a very serious infection, we would employ only
the 1- and 2-log10 CFU/g cell kill exposure targets. Further, for
ELF, we rounded these numbers to 15% and 25% of a 24-h
interval.

FIG. 1. Relationship between ceftobiprole exposure, expressed as free-drug time�MIC in murine plasma (A) or total-drug time�MIC in
murine ELF (B), and cell kill for eight strains of Staphylococcus aureus.
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Ceftobiprole pharmacokinetics and ELF penetration in
healthy volunteers. Plasma ceftobiprole concentrations (means 	
standard deviations [SD]) before the second, third, and fourth
infusions were 3.06 	 0.73, 3.60 	 0.77, and 3.92 	 1.07
mg/liter, respectively. These trough concentrations were con-
sistent within and between subjects. Ceftobiprole concentra-
tions in ELF (means 	 SD) at 2.5, 4, 6, and 8 h were 2.55 �
0.99, 2.00 	 1.07, 4.58 	 5.82, and 1.51 	 0.39 mg/liter, re-
spectively; the concurrent concentrations in plasma were 17.68 	
4.48, 12.77 	 2.26, 6.91 	 4.58, and 3.65 	 1.05 mg/liter,
respectively. Eight subjects had ELF drug concentrations be-
low the limit of detection.

Ceftobiprole concentrations from 268 plasma samples and

16 BAL fluid samples were modeled using the population
pharmacokinetic analysis program BigNPAG. The fit of the
model to the data was quite acceptable. In Fig. 2A, we show
the predicted-observed plot after the Bayesian step for the
plasma concentrations. In Fig. 2B, the predicted-observed plot
for ELF data is displayed.

As a further check on the modeling process, we performed a
9,999-subject simulation and simulated drug concentrations in
plasma and ELF hourly for 32 h. We used this to generate the
95% confidence interval for these values (2.5% to 97.5%). The
observed plasma and ELF data are scattered around these
intervals for plasma (Fig. 3A) and ELF (Fig. 3B). The appro-
priate number of observations fell within the 95% confidence

FIG. 2. (A) Predicted-observed plot of plasma ceftobiprole concentrations in healthy volunteers after the Bayesian estimation step for 268
samples. (B) Predicted-observed plot of ELF ceftobiprole concentrations in healthy volunteers after the Bayesian estimation step for 16
samples.
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intervals, adding certitude to the appropriateness of the mod-
eling process.

The estimates are presented in Table 1. The point estimate
of clearance is appropriate and similar to that seen previously
for this agent (18).

These data were employed to perform a 9,999-subject sim-
ulation to examine the penetration of ceftobiprole into ELF
(Table 2). The mean penetration was 25.5% (median, 15.3%;
interquartile range, 7.9% to 30.4%). These percentages of pen-
etration differ markedly from those seen in the mouse.

We then used the kill targets of 1 and 2 log10 CFU/g for ELF
in the mouse to bridge to humans. For the concentration-time
profile of ceftobiprole in the ELF of humans, employing a
9,999-subject Monte Carlo simulation, we found the target
attainment as displayed in Fig. 4. Also on this graph is the
ceftobiprole MIC distribution for MRSA isolates (n � 4,958).

FIG. 3. Plasma (A) and ELF (B) concentration-time profiles simulated from the mean parameter vectors employing a 9,999-subject Monte
Carlo simulation. Black circles represent the means; blue upright and inverted triangles represent the upper and lower 95% confidence intervals,
respectively. Red squares represent actual observations and demonstrate the appropriate fit of the model to the data.

TABLE 1. Population parameter values for ceftobiprole from
healthy volunteers

Parametera (unit) Mean Median SD

Vc (liters) 2.849 2.374 1.409
K23 (h�1) 6.171 4.744 4.504
K32 (h�1) 5.207 2.652 5.691
K24 (h�1) 5.512 6.021 2.276
K42 (h�1) 2.962 1.957 2.422
CL (liters/h) 5.162 5.380 0.685
VELF (liters) 39.10 44.79 13.43
Khydrolysis (h�1) 44.74 39.46 33.22

a Vc, volume of the central compartment; K23, K32, K24, and K42, first-order
intercompartmental transfer rate constants; CL, clearance; VELF, volume of the
ELF compartment; Khydrolysis, first-order rate constant of hydrolysis of prodrug
to active ceftobiprole.
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Taking the expectation over the MIC distribution and the
target attainments, we found that a 2-log10 CFU/g kill was
achieved 79.7% of the time, while a 1-log10 CFU/g kill was
achieved 85.6% of the time.

It is critical to remember that mice and humans have very
different ELF penetrations. Consequently, one cannot predict
the microbiological effect for humans by using the plasma
targets in the mouse for pneumonia. If one attempted to do so,
a 99.9% target attainment would be expected for the 2-log10

CFU/g kill target (data not shown).

DISCUSSION

The emergence of MRSA in the community and the increas-
ing importance of MRSA as a cause of nosocomial pneumonia
make the advent of new agents active against this pathogen
important (12, 13, 15, 21). There is currently no class of drug
that works as well for MRSA as nafcillin/oxacillin works for
methicillin-sensitive Staphylococcus aureus. Consequently,
�-lactams, such as ceftobiprole, that have been designed to
bind with high affinity to penicillin-binding protein (PBP2a)
have attracted considerable interest among clinicians, in hopes

of having a nafcillin/oxacillin equivalent in the fight against
MRSA.

The mouse thigh model has been used in the past as a
surrogate for many types of infections not located in a privi-
leged space and has been used to guide dose choice. One
would not expect that privileged spaces (central nervous sys-
tem, eye, prostate) would be treatable with the same dose and
schedule of drug as those used for a skin or skin structure
infection, because of penetration. The penetration properties
of antibiotics into lungs have been thought to be well repre-
sented by the mouse thigh model. This is because much work
has been done over the past decade with fluoroquinolone an-
timicrobials (10, 19). Here, penetration into ELF is known to
approximate the total AUC in plasma in animals and in hu-
mans. Consequently, the mouse thigh model with fluoroquino-
lones, where site penetration is excellent and reflects the
plasma AUC, is a reasonable surrogate for setting exposure
targets for pneumonia.

Until recently, little has been known about the penetration
of �-lactam agents into ELF. For hospitalized, infected pa-
tients, Boselli et al. (4–6) and Bayat et al. (3) have examined a
number of different �-lactams (e.g., ceftazidime, cefepime, pi-
peracillin-tazobactam, and ertapenem) and have shown discor-
dant penetration that seems not to be dependent on protein
binding or structure.

Since ceftobiprole is being studied for pneumonia, we be-
lieved it was important to examine this agent in a preclinical
murine model of pneumonia, including the penetration of
ELF, and to determine the exposure targets in ELF necessary
to produce a near-maximal microbiological effect in this system
(a cell kill of approximately 2 log10 CFU/g). We were surprised
to find that the penetration into murine ELF, while variable,
was quite reasonable, with a median of almost 69%. We also
identified the times�MIC in ELF driving cell kills of 1 log10

TABLE 2. Penetration of ELF by ceftobiprole in healthy volunteers
from a 9,999-subject simulation

Parameter (unit) Mean Median SD
Percentile

10th 25th 75th 90th

AUCplasma
(mg � h/liter)

98.7 98.1 13.1 82.4 89.3 107.1 115.6

AUCELF
(mg � h/liter)

25.2 15.0 35.9 4.20 7.67 30.1 55.5

Penetration (%) 25.5 15.3 36.6 4.32 7.89 30.4 55.7

FIG. 4. Probabilities of target attainment for cell kills of 2 log10 CFU/g (circles) and 1 log10 CFU/g (triangles) by ceftobiprole in ELF, as
calculated from the penetration data of healthy volunteers. Targets were derived from a model of Staphylococcus aureus pneumonia in neutropenic
mice.
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and 2 log10 CFU/g as 15% and 25% of a 24-h interval. These
results are concordant with the recent report by Andes and
Craig (8), whose mean time�MIC for a 2-log10 CFU/g kill was
29.3% (range, 24.4% to 39.1%) for eight strains of Staphylo-
coccus aureus in murine infection models, particularly when
one recognizes that the Craig-Andes data are for total drug in
plasma. Our 2-log10 CFU/g kill exposure was a free-drug
time�MIC in plasma of 23% of the dosing interval.

In order to bridge this information to humans so as to
support a rational dose choice, we needed to identify the pen-
etration and concentration-time course of ceftobiprole in the
ELF of healthy volunteers. It became apparent that ceftobi-
prole penetrated into ELF very differently in humans than in
mice, with a mean, median, and interquartile range of pene-
tration of 25.5%, 15.3%, and 7.9 to 30.4%, respectively. This
sort of species difference has been seen previously with mac-
rolides and macrolide-type antibiotics (17, 20). The basis of
such differences is currently unclear, but they are important. If
one were to measure the time�MIC target in mouse plasma
and use it to bridge to humans, a suboptimal dose would be
chosen. This is because the attainment of a specific target in
mouse plasma infers the attainment of a specific amount of
exposure in the lung (ELF). If one then matches the free-drug
time�MIC in the plasma of humans, one would drive a much
shorter time�MIC in the lung (ELF) because of the lower
penetration into this space seen in humans.

Figure 4 demonstrates that target attainment for a 500-mg
dose of ceftobiprole every 8 h as a 2-h infusion falls below 90%
for a cell kill of 2 log10 CFU/g at a MIC of 1.0 mg/liter and for
a 1-log10 CFU/g cell kill at a MIC of 2.0 mg/liter. When one
takes the overall expectation over the distribution of ceftobi-
prole MICs for MRSA isolates into account, one achieves the
2-log10 CFU/g cell kill target 79.7% of the time, accounting for
the variability of pharmacokinetics and the variability in MICs
likely to be encountered, and the 1-log10 CFU/g cell kill target
85.6% of the time. It should also be recognized that stasis
(time�MIC in ELF, 10%) is achieved 94.1% of the time.

For seriously ill patients, particularly in the intensive-care
unit, we believe a 1- or 2-log10 CFU/g cell kill target is most
appropriate. Consequently, it may be that somewhat higher
ceftobiprole doses or longer infusion times (to prolong the
time�MIC), or both, will be required to comfortably ensure a
90% target attainment for seriously ill patients with MRSA
pneumonia.

What issues remain for which we have little or no data? The
first and foremost is that we are employing ELF concentrations
as a surrogate for lung penetration and the ability to control
infections in this site. While ELF penetration is certainly the-
oretically a better measure than concentrations in whole-lung
tissue for ascertaining lung penetration, it is not certain that
this is the best metric of penetration. However, it is as good as
or better than any other currently available competing metric,
because it comes from the anatomic site where the causative
microorganisms are found.

The second issue is that the preclinical murine model of
pneumonia was granulocytopenic. In the murine thigh and
lung infection models, Craig and Andes (8) demonstrated that
the activity of ceftobiprole against Streptococcus pneumoniae
and Klebsiella pneumoniae is markedly enhanced by the pres-
ence of neutrophils. The required time�MIC for a static effect

against Streptococcus pneumoniae was less than 10% in non-
neutropenic mice, compared to more than 20% in neutropenic
mice. It is not known what the impact of a full granulocyte
response would be in terms of altering the exposure target
(time�MIC in ELF). There are currently insufficient data to
make clear recommendations for different subpopulations.

Finally, we currently do not have insight into the impact of
infection on the penetration of ceftobiprole into ELF in hu-
mans. It should be noted that the mice in the preclinical-
infection model were infected and had substantially higher
penetration of ELF by the drug than that seen in the healthy
volunteers. It will be critical to identify the impact of inflam-
mation and infection on the penetration of ELF by ceftobi-
prole in humans.

In summary, to identify a safe and efficacious drug dose for
patients with pneumonia, it is important to delineate the pen-
etration into the affected site and to delineate the between-
patient variability in penetration, so that the chosen dose will
reach the infection site for a large percentage of patients and
in an amount that will enable substantial cell killing for organ-
isms with MICs that are likely to be encountered in the clinic.

APPENDIX

Population modeling approach. (i) Murine modeling. The BigN-
PAG program of Leary, Jelliffe, Schumitzky, and Van Guilder was
employed (16). Adaptive 
 was not employed because of the single-
observation nature of the data. Here, the ELF is its own sampling
compartment with its own apparent volume of distribution. It takes
eight parameters and four differential equations to define this system.
The agent administered was the prodrug. The equations are as follows:

dX1/dt � �R�1� � Kabsorption (1)

dX2/dt � R�1� � Kabsorption � �CL/Vc � K23 � K24� � X2 � K32 � X3

� K42 � X4 (2)

dX3/dt � K23 � X2 � K32 � X3 (3)

dX4/dt � K24 � X2 � K42 � X4 (4)

where R(1) is a piecewise input function in which the drug is admin-
istered at a fixed rate for a specified period; X1 is the amount of drug
administered into the absorption compartment; X2, X3, and X4 are the
amounts of active drug in the central, peripheral, and ELF compart-
ments, respectively; CL is clearance; Vc is the volume of the central
compartment; and K23, K32, K24, and K42 are first-order intercom-
partmental transfer rate constants.

The concentration of the drug in plasma is calculated as X2/Vc, and
the concentration in ELF as X4/VELF, where VELF is the volume of the
ELF compartment.

Weighting of observations was as the inverse of the between-day
assay error variance. Bayesian estimates were obtained for each indi-
vidual using the “population of one” utility in BigNPAG. The model
was evaluated by predicted-observed plots. The mean error served as
the measure of bias. The bias-adjusted mean squared error served as
the measure of precision. Since the same doses were used for phar-
macokinetic study as for the pharmacodynamics study, we employed
the measures of central tendency for the pharmacokinetic parameters
after the Bayesian step for all animals in a particular dosing group that
best described the raw data (the prodrug was administered). These pa-
rameter values were then used in simulation studies to calculate the
time�MIC (for free drug in plasma and total drug in ELF) for each MIC
studied. Simulation studies were performed with the ADAPT II package
of programs of D’Argenio and Schumitzky (9).

(ii) Healthy-volunteer modeling. The same form of the model sys-
tem was employed for healthy-volunteer modeling as for murine mod-
eling. However, in the murine system, the drug was injected subcuta-
neously, whereas the volunteers had ceftobiprole medocaril injected
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intravenously as a 2-h infusion. The prodrug was then rapidly hydro-
lyzed to the active drug ceftobiprole. Consequently, the “Ka” in this
instance represents a first-order hydrolysis rate constant, Khydrolysis or
Kabsorption. All other modeling choices were the same as those de-
scribed for the murine modeling.

Monte Carlo simulation. Point estimates of the population param-
eter values and their dispersions were inserted into the simulation
module of ADAPT II (9). A 9,999-subject Monte Carlo simulation was
performed using the mean parameter values as the measure of central
tendency. Both normal and log-normal distributions were evaluated,
and the choice of distribution was determined by the fidelity with which
the original parameter values and their dispersions were re-created by
the simulation (log-normal distribution was employed). Plasma and
ELF drug concentrations were simulated hourly for 32 h to provide the
95% confidence intervals (2.5% to 97.5%).

In addition, a single-dose simulation was performed. In this simu-
lation, other differential equations were added to identify the AUC
from time zero to 1,000 h (an approximation of zero to infinity) for
both plasma and ELF. The penetration was determined as the
AUCELF/AUCplasma ratio. The form of the differential equation is as
follows: dX5,6/dt � Xn/Vn, where n is 2 for plasma and 4 for ELF. Other
system outputs were added to provide the AUCs and penetration: Y3 �
X5 (AUCplasma); Y4 � X6 (AUCELF); Y5 � X6/X5 (penetration).

In this single-dose simulation, the time�MIC was also calculated for
the first dosing interval. This was done by adding the following differ-
ential equations: if {[X(2) � 0.82]/Vc} .GE. MIC, then dX7/dt � 1.0;
else, dX7/dt � 0.0.

The MIC could be varied over the range from 0.25 mg/liter to 4
�g/ml. This provided the time�MIC for plasma as corrected for pro-
tein binding (free fraction, 82% in humans). The time�MIC in ELF
(no protein binding correction) was provided similarly, except that
[X(2) � 0.82]/Vc was replaced by X4/VELF.

Confidence intervals were determined directly from the Monte
Carlo simulations.
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