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The pharmacokinetic profile of ceftaroline has not been well characterized in obese adults. The purpose of this study was to eval-
uate the pharmacokinetics of ceftaroline in 32 healthy adult volunteers aged 18 to 50 years in the normal, overweight, and obese
body size ranges. Subjects were evenly assigned to 1 of 4 groups based on their body mass index (BMI) and total body weight
(TBW) (ranges, 22.1 to 63.5 kg/m2 and 50.1 to 179.5 kg, respectively). Subjects in the lower-TBW groups were matched by age,
sex, race/ethnicity, and serum creatinine to the upper-BMI groups. Serial plasma and urine samples were collected over 12 h af-
ter the start of the infusion, and the concentrations of ceftaroline fosamil (prodrug), ceftaroline, and ceftaroline M-1 (inactive
metabolite) were assayed. Noncompartmental and population pharmacokinetic analyses were used to evaluate the data. The
mean plasma ceftaroline maximum concentration and area under the curve were ca. 30% lower in subjects with a BMI of >40
kg/m2 compared to those <30 kg/m2. A five-compartment pharmacokinetic model with zero-order infusion and first-order elim-
ination optimally described the plasma concentration-time profiles of the prodrug and ceftaroline. Estimated creatinine clear-
ance (eCLCR) and TBW best explained ceftaroline clearance and volume of distribution, respectively. Although lower ceftaroline
plasma concentrations were observed in obese subjects, Monte Carlo simulations suggest the probability of target attainment is
>90% when the MIC is <1 �g/ml irrespective of TBW or eCLCR. No dosage adjustment for ceftaroline appears to be necessary
based on TBW alone in adults with comparable eCLCR. Confirmation of these findings in infected obese patients is necessary to
validate these findings in healthy volunteers. (This study has been registered at ClinicalTrials.gov under registration no.
NCT01648127.)

Ceftaroline fosamil is a novel intravenously administered anti-
microbial agent approved for use in the United States as a

treatment of acute bacterial skin and skin structure infections
(ABSSSIs) and community-acquired bacterial pneumonia (1, 2).
Unlike other regulatory approved cephalosporins, ceftaroline is
uniquely active in vitro against methicillin-resistant Staphylococ-
cus aureus (MRSA) (1–3). The current dosage regimen of ceftaro-
line fosamil is a fixed-dose of 600 mg every 12 h irrespective of
body size in adult patients. Upon administration, the prodrug
ceftaroline fosamil is converted by phosphatases to the active form
ceftaroline that is principally (60%) eliminated unchanged in
urine and to a small (6%) extent as an inactive metabolite (cef-
taroline-M1). The dose should be reduced in patients with renal
impairment when the estimated creatinine clearance (eCLCR) is
�50 ml/min.

Obesity is defined as a body mass index (BMI) of �30 kg/m2

and has been independently associated with an increased risk of
certain infections such as ABSSSIs (4–6). Some evidence suggests
obese patients may be at risk of worse clinical outcomes attributed
in part to inadequate antimicrobial exposure with standard dos-
age regimens (7, 8). A dedicated pharmacokinetic study compar-
ing the concentration-time profile of ceftaroline with a standard
dosage regimen across the spectrum of adult body size has not
been previously investigated (2).

Pharmacokinetic studies of antimicrobials in obese subjects
have often compared drug disposition between two groups of sub-
jects: normal weight and obese class III (BMI � 40 kg/m2) (9–11).
Although this study design is helpful for identifying pharmacoki-
netic differences between these two groups, it limits identification
of the optimal scalar of pharmacokinetic parameters across body
size if differences are observed. This limitation is especially prob-

lematic when appraising the relationship of eCLCR to antimicro-
bial clearance (CL). CLCR is often estimated using the Cockcroft-
Gault equation that includes age, sex, serum creatinine, and total
body weight (TBW) (12). Discerning the independent relation-
ship of TBW and ceftaroline pharmacokinetic parameters re-
quires an adequate distribution of subjects across the entire spec-
trum of TBW while matching other characteristics of healthy
subjects (e.g., age, sex, serum creatinine, race, and ethnicity).

We sought to evaluate the plasma and urine concentration-
time profiles of ceftaroline fosamil, ceftaroline, and ceftaro-
line-M1 following a single dose of 600 mg in four groups of
healthy adult subjects. This study was specifically designed to in-
clude a larger sample size (n � 32) of subjects across all BMI
classification groups (normal weight to overweight, obese class I,
obese class II, and obese class III) while matching other subject
characteristics (11). The impact of measured creatinine clearance
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(mCLCR) and eCLCR on the primary pharmacokinetic parameters
of ceftaroline was also evaluated.

MATERIALS AND METHODS
Study design. The study protocol was reviewed and approved by the Uni-
versity of Illinois at Chicago Institutional Review Board and written in-
formed consent was obtained from each subject prior to the study. All
study procedures were performed at the Clinical Research Center of the
University of Illinois at Chicago Center for Clinical and Translational
Science, Chicago, IL. The study was registered with ClinicalTrials.gov
(NCT01648127).

This was a prospective, phase I, open-label pharmacokinetic study in
32 healthy adult subjects. Each subject received a single dose of ceftaroline
fosamil (CPTF) at 600 mg as a 1-h intravenous (i.v.) infusion through a
peripheral i.v. catheter using a programmed infusion pump. Ceftaroline
fosamil was supplied by Cerexa, Inc., Oakland, CA (a wholly owned sub-
sidiary of Forest Laboratories, Inc., New York, NY). Vials of ceftaroline
fosamil 600 mg were reconstituted with the appropriate amount of sterile
water for injection and added to a normal saline solution to obtain a final
infusion volume of 250 ml for each administration.

Study population. Healthy men and women between 18 and 50 years
of age (inclusive) were eligible to participate in the study. Screening for
enrollment was performed after written informed consent was obtained
and included a complete medical history, physical examination, assess-
ment of vital signs (blood pressure, temperature, heart rate, and respira-
tory rate), and evaluation of clinical laboratory data (clinical chemistry,
liver function panel, complete blood cell count with differential, and se-
rum pregnancy test for female subjects of child-bearing potential). Sub-
jects with clinically significant abnormalities identified on screening were
ineligible for study inclusion. Females of childbearing potential were re-
quired to have a negative serum pregnancy test at screening and expected
to be utilizing contraception if nonabstinent. A repeat negative serum
pregnancy test was required for these female subjects within 24 h of study
drug infusion. Subjects must have been nonsmokers, defined as absti-
nence from cigarette smoking for the previous 12 months before study
enrollment.

Participants were evenly assigned to one of four groups based on BMI
and TBW: normal to overweight (BMI, 18.5 to 29.9 kg/m2; TBW, 50 to
100 kg), obese class I (BMI, 30 to 34.9 kg/m2; TBW, 90 to 115 kg), obese
class II (BMI, 35 to 39.9 kg/m2; TBW 105 to 130 kg), and obese class III
(BMI, �40 kg/m2; TBW, �120 kg). Both BMI and TBW measurements
for each subject were required to be within the range of one of the body
size groups described. Subjects in the normal to overweight and obese
class I groups were matched to subjects in the obese class II and III groups
by age (�8 years), sex, race/ethnicity, and serum creatinine (SCr; �0.2
mg/dl).

Subjects were excluded from participation if any of the following cri-
teria were met: (i) history of significant hypersensitivity reaction or intol-
erance to ceftaroline or �-lactam agents; (ii) history of significant cardiac,
neurological, thyroid, muscular, or immune disorders; (iii) positive se-
rum pregnancy test or current breast-feeding; (iv) history of alcohol or
substance abuse or dependence within 12 months of study enrollment; (v)
history of prescription or nonprescription drug use within 7 days (or 14
days for potential enzyme inducers) or five half-lives (whichever was lon-
ger) prior to the first dose of study drug (except birth control pills or
hormone replacement in females); (vi) participated in a clinical trial
within the last 30 days; (vii) donated blood to the extent where participa-
tion would result in �500 ml of blood donated within a 56-day period;
(viii) risk of noncompliance with study procedures; (ix) aspartate amino-
transferase (AST) or alanine aminotransferase (ALT) levels of �3 times
the upper limit of normal; (x) SCr � 1.5 mg/dl or an eCLCR of �60
ml/min, as determined by the Cockcroft-Gault equation using the TBW
(12).

Sample collection. Blood samples were collected from a peripheral i.v.
catheter in the arm contralateral to the i.v. catheter used for ceftaroline

fosamil administration. Samples were collected prior to (predose) and at
0.5, 0.95, 1.05, 1.25, 1.5, 2, 3, 4, 6, 8, 10, and 12 h after the start of the
ceftaroline fosamil infusion. Blood samples were collected using a
prechilled 6-ml gray-top BD Vacutainer with 15 mg of sodium fluoride
and 12 mg of potassium oxalate (Becton Dickinson, Franklin Lakes, NJ) to
prevent ex vivo conversion of ceftaroline fosamil to ceftaroline. Samples
were centrifuged immediately under refrigeration (4°C) at 1,500 � g for
10 min to obtain separated plasma. Plasma samples were immediately
flash frozen in a liquid nitrogen bath and stored at �80°C until analysis of
the study drug concentrations.

Urine samples were collected on wet ice prior to (predose) and at
intervals of 0 to 2 h, 2 to 4 h, 4 to 8 h, and 8 to 12 h after the start of the
CPTF infusion. At the end of each urine collection interval, urine aliquots
(2 ml each) were flash frozen in a liquid nitrogen bath and then stored at
�80°C until analysis. The remaining urine (excluding predose urine) was
combined and stored under refrigeration (4°C) until analysis of 12-h
urine creatinine (UCr).

Analytical procedures. The concentrations of ceftaroline fosamil, cef-
taroline, and ceftaroline-M1 were determined in plasma and urine using
liquid chromatography coupled with tandem mass spectrometry at Key-
stone Bioanalytical, Inc. (North Wales, PA).

Deuterated forms of all three analytes served as internal standards for
the assay methods. Plasma samples were deproteinated, and the superna-
tant was further diluted with a solution of ammonium formate in water.
The entire extraction was performed rapidly (�90 min) in an ice bath or
at 5°C to minimize degradation or conversion of the analytes. A 50-	l
plasma sample aliquot was used for sample preparation and analysis. The
validation showed the plasma assay was quadratic over the concentration
range of 50 to 50,000 ng/ml for ceftaroline (R2 � 0.9978) and 50 to 10,000
ng/ml for ceftaroline fosamil and ceftaroline-M1 (R2 � 0.9960 and
0.9991, respectively). The lower limit of quantification (LLOQ) was 50
ng/ml for all analytes. The precision (i.e., the percent coefficient of varia-
tion) and accuracy (i.e., the percent bias) of the ceftaroline plasma stan-
dards were 1.2 to 4.2% and �7.2 to 5.4%, respectively. The precision and
accuracy of the ceftaroline fosamil plasma standards were 1.6 to 8.5% and
�3.9 to 2.3%, respectively. The precision and accuracy of the ceftaro-
line-M1 plasma standards were 0.3 to 3.5% and �2.6 to 3.0%, respec-
tively.

For the urine assays, samples were extracted using dilution with a
solution of ammonium formate-water-methanol-isopropanol (100:780:
80:40 [vol/vol/vol/vol]). The entire extraction was also performed rapidly
(�90 min) in an ice bath or at 10°C (centrifuged for 5 min) to minimize
degradation or conversion of the analytes. A 50-	l urine sample aliquot
was used for sample preparation and analysis. The validation showed the
urine assay was linear over the concentration range of 0.5 to 200 	g/ml for
ceftaroline (R2 � 0.9976) and 0.5 to 20 	g/ml for ceftaroline fosamil and
ceftaroline-M1 (R2 � 0.9970 and 0.9985, respectively). The LLOQ was 0.5
	g/ml for all analytes. The precision and accuracy of the ceftaroline
plasma standards were 0.4 to 2.5% and �7.5 to 5.1%, respectively. The
precision and accuracy of the ceftaroline fosamil plasma standards were
0.3 to 3.2% and �4.8 to 5.7%, respectively. The precision and accuracy of
the ceftaroline-M1 plasma standards were 0.9 to 2.7% and �4.0 to 3.0%,
respectively.

Noncompartmental pharmacokinetic analysis. Noncompartmental
analysis of ceftaroline fosamil, ceftaroline, and ceftaroline-M1 plasma
concentrations was performed using Phoenix WinNonlin version 6.3
(Pharsight Corp., St. Louis, MO). For all estimates of the area under the
concentration-time curve (AUC), the linear trapezoidal rule and the log-
arithmic trapezoidal rule were used when concentration data were in-
creasing and decreasing, respectively. Ceftaroline fosamil plasma concen-
trations decline rapidly due to an almost immediate conversion to
ceftaroline in vivo. Consequently, the first measured plasma concentra-
tion of the ceftaroline fosamil below the LLOQ after infusion was fixed to
25 ng/ml (half the LLOQ), and subsequent ceftaroline fosamil concentra-
tions below the LLOQ were treated as zero. Actual infusion and sampling
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times were used in the calculation of pharmacokinetic parameters. The
amounts of ceftaroline fosamil, ceftaroline, and ceftaroline-M1 recovered
in the urine were quantified as the summation of the measured concen-
tration by urine volume (for each interval) over the 12-h urine collection
period and used to compute the renal CL (CLR).

Population pharmacokinetic analysis. Parametric population phar-
macokinetic (POP-PK) analysis was performed using ADAPT 5 (13).
Concentration-time data were modeled using the maximum-likelihood
solution via the expectation-maximization algorithm. Candidate struc-
tural POP-PK models were evaluated sequentially for both ceftaroline
fosamil and ceftaroline. The initial approach modeled plasma concentra-
tion data of each analyte separately as a two-compartment model with a
zero-order infusion, linear elimination, transfer between the compart-
ments, and an additive plus proportional residual error model. Models of
higher and lower complexity were evaluated, including one- or three-
compartments, nonlinear (Michaelis-Menten) elimination or parallel lin-
ear/nonlinear elimination, and various residual error models (i.e., addi-
tive, proportional, and exponential residual error models). Ceftaroline
fosamil and ceftaroline plasma concentration-time data were then co-
modeled in a similar, sequential fashion. Ceftaroline urine concentration
data were also evaluated for incorporation into the structural POP-PK
model. Concentrations below the LLOQ for ceftaroline fosamil were
treated as missing.

Standard goodness of fit criteria where used to discriminate between
candidate POP-PK models, including the Akaike information criterion
(AIC) (14), parameter estimates, between-subject variability, and diag-
nostic plots. For equivalent models, the rule of parsimony was used and
the simpler model was chosen. Once the optimal structural POP-PK
model was developed, post hoc pharmacokinetic parameter estimates
from the base model were used to evaluate the influence of potential
covariates via linear and nonlinear regression. Significant covariates were
then incorporated into the structural POP-PK model using ADAPT 5.
Covariates were retained in the final POP-PK model if their inclusion
significantly improved the model fit (i.e., lowered the AIC).

Final POP-PK model validation was performed through evaluation of
diagnostic plots, including observed versus predicted concentration plots
(population and individual), residual versus time plots, and residual ver-
sus predicted concentration plots. Concentration-time data and area un-
der the concentration-time curve integrated to 12 h (AUC0 –12) and infin-
ity (AUC0 –
) were simulated for 9,999 subjects using the final POP-PK
model. Simulated concentration-time data were compared to observed
concentration-time data using visual predictive checks (15). Simulated
estimates of AUC were compared to individual estimates of AUC calcu-
lated via noncompartmental pharmacokinetic analysis.

Statistical analysis. All statistical analysis was performed using
Stata/SE version 12.1 (StataCorp LP, College Station, TX). Categorical
variables were evaluated between body size groups using �2 tests or the
Fisher exact test, as appropriate. Continuous variables were compared
between body size groups using a one-way analysis of variance (ANOVA)
or Kruskal-Wallis one-way ANOVA if the data failed normality tests (both
with the Bonferroni correction for multiple comparisons). Statistical sig-
nificance was based on a two-sided P value of �0.05.

Scatter plots and graphs were created to visually assess covariate rela-
tionships with individual pharmacokinetic parameters. Univariate linear
regression models, including log-log and polynomial regressions, were
also performed to estimate the relationship between potential covariates
and individual pharmacokinetic parameters. All relevant potential cova-
riates were then evaluated in multiple linear regression models using for-
ward and backward selection (� set to 0.01 and 0.001, respectively).

Potential covariates evaluated for inclusion in the structural POP-PK
model were age, sex, race/ethnicity, height (HT), and various descriptors
for renal function (mCLCR and eCLCR) (12) and body size (TBW, ideal
body weight [IBW] [16], adjusted body weight [ABW] [17], lean body
weight [LBW] [18], BMI [19], and BSA [20]), where (i) mCLCR � (12-h
UCr) � (12-h urine volume)/SCr � 720 min, (ii) eCLCR � (140 � age) �

TBW/72 � SCr, if female multiply the eCLCR by 0.85; (iii) IBW �
45.5  [0.89 � (HT � 152.4)], if male add 4.5 to the IBW; (iv) ABW �
IBW  0.4 � (TBW � IBW); (v) LBW (males) � (9,270 � TBW)/
[6,680  (216 � BMI)] and LBW (females) � (9,270 � TBW)/[8,780 
(244 � BMI)]; (vi) BMI � TBW/[HT2 (in m)]; and (vii) BSA � [(TBW �
HT)/3,600]0.5. In all calcuations, UCr and SCr are expressed in mg/dl,
urine volume is expressed in ml, age is expressed in years, weight is ex-
pressed in kg, and height is expressed in cm (unless otherwise noted).

Probability of target attainment. A Monte Carlo simulation of 9,999
subjects was performed to evaluate probability of target attainment fol-
lowing six 600-mg doses of ceftaroline fosamil administered i.v. every 12 h
(steady state). The target attainment values chosen for analysis were 30,
40, and 50% f T�MIC, representing the range of static through 2-log
bacterial killing for Staphylococcus aureus, Streptococcus pneumoniae,
Escherichia coli, and Klebsiella spp. (21, 22). The simulated times based on
total drug concentrations (% T�MIC) were transformed to those based
on free drug concentrations (% f T�MIC) by factoring in the plasma
protein binding of ceftaroline of 20% (23). The probability of target at-
tainment (PTA) for the population was determined for MICs between
0.0625 and 32 	g/ml. Finally, MIC distribution data from respiratory
isolates collected through the AWARE program from 2009 to 2011 were
used to calculate the cumulative fraction of response (CFR) for a variety of
microorganisms (Ronald Jones and Robert Flamm, unpublished data).
CFRs represent the expected population PTA for a specific drug dose and
specific population of microorganisms. In this analysis, CFRs for S. au-
reus, S. pneumoniae, E. coli, and Klebsiella spp. were calculated using the
following formula:

�
i�1

n

PTAi � Fi

where i is the MIC category ranked from lowest to highest MIC value of a
population of microorganisms, PTAi is the PTA for the ith MIC category,
and Fi is the fraction of the population of microorganisms for the ith MIC
category (24). CFRs of �90% were considered acceptable since the ma-
jority of patients would be expected to achieve target attainment with the
given dosage regimen over the expected population of microorganisms.

Laboratory and safety assessment. Safety assessments, including
physical examination findings, vital signs values, clinical laboratory mea-
surements, and adverse events (AEs), were performed throughout the
study. All AEs were evaluated by the investigators for severity and rela-
tionship to the study drug.

RESULTS
Subjects. A total of 49 subjects were enrolled in the study. Seven-
teen subjects (37.8%) did not meet the study inclusion criteria.
The baseline characteristics for the 32 enrolled subjects that met
all study criteria and completed all study procedures are described
in Table 1 by body size group. As expected, the lower TBW groups
(normal to obese class I) and upper TBW groups were well
matched by age, sex, race/ethnicity, baseline SCr, and height. Sub-
jects in the obese class III group had a mean TBW and BMI that
was �2-fold higher than the normal to overweight group. The
mean mCLCR was 39.8% higher in the obese class III group com-
pared to the normal to overweight group. The mean eCLCR was
�2-fold higher in the obese class III group than the normal to
overweight group, which corresponded with the TBW difference
between groups.

Noncompartmental pharmacokinetic analysis. The plasma
concentration-time profile of ceftaroline fosamil declined rapidly
during infusion (due to rapid in vivo conversion to ceftaroline)
and was below the LLOQ after the 2-h time point in all subjects.
Approximately half of the ceftaroline fosamil dose was recovered
in urine as ceftaroline (49.7% � 6.3%) over the 12-h collection.
There were no measurable concentrations of ceftaroline fosamil in
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urine at any time point, suggesting complete in vivo conversion to
ceftaroline. The percentage of the ceftaroline fosamil dose recov-
ered in urine as ceftaroline-M1 was 3.9% � 0.8%. Plasma concen-
trations of ceftaroline-M1 reached a maximum value at a median
of 4 h and were �1 	g/ml for the entire sampling period. Given
these observations, Fig. 1 is limited to the mean plasma concen-
tration-time profile of ceftaroline by body size group. As shown,
the concentration-time profile declined in a mono-exponential
manner over the 12-h period. Table 2 summarizes the key expo-

sure and pharmacokinetic parameters derived by noncompart-
mental analysis of the ceftaroline concentration-time profile. As
shown, statistically significant differences were primarily observed
between the obese class III and normal to overweight group. Sub-
jects in the obese class III group exhibited a 35.9% lower mean
maximum serum concentration (Cmax) and 29.1% lower AUC0 –12

value compared to normal weight to overweight group. These
significant differences in exposure corresponded with a higher
mean volume of distribution during the terminal phase (Vz), total

TABLE 1 Characteristics of study subjects receiving i.v. ceftaroline fosamila

Characteristicb

Normal to overweight
(n � 8) Obese class I (n � 8) Obese class II (n � 8) Obese class III (n � 8)

General study subject characteristics
Age, yr 34.6 � 11.6 35.8 � 8.7 36.3 � 11.3 34.8 � 11.0
Male, no. (%) 7/8 (87.5) 4/8 (50) 5/8 (62.5) 6/8 (75)
Race/ethnicity, no. (%)

Black 2/8 (25) 5/8 (62.5) 5/8 (62.5) 2/8 (25)
Hispanic 4/8 (50) 1/8 (12.5) 1/8 (12.5) 4/8 (50)
White 2/8 (25) 2/8 (25) 2/8 (25) 2/8 (25)

Baseline SCr, mg/dl 0.88 � 0.24 1.01 � 0.19 0.93 � 0.17 0.88 � 0.31
Ht, cm 173.2 � 13.0 173.0 � 7.2 174.6 � 6.2 174.2 � 9.0
TBW, kg (range) 74.5 � 13.8 (50.1–91.1) 101.4 � 8.4 (91–111.2) 113.8 � 7.1 (105.4–128.9) 145.4 � 21.5 (125.2–179.5)

Calculated body size descriptors
BMI, kg/m2 (range) 24.6 � 1.8 (22.1–27.7) 33.9 � 1.2 (31.2–34.9) 37.4 � 1.7 (35.5–39.9) 48.1 � 7.9 (40.5–63.5)
IBW, kg 67.8 � 12.8 65.9 � 8.8 67.9 � 7.3 68.2 � 9.8
ABW, kg 70.5 � 13.0 80.1 � 8.4 86.3 � 6.9 99.1 � 11.0
LBW, kg 56.4 � 11.6 61.6 � 11.3 67.1 � 9.9 75.8 � 10.8
BSA, m2 1.89 � 0.24 2.21 � 0.13 2.35 � 0.17 2.65 � 0.22

Renal function descriptors
mCLCR, ml/min 130.1 � 28.0 140.3 � 20.2 164.0 � 32.4 181.9 � 40.4
eCLCR, ml/min 108.5 � 17.1 120.7 � 19.7 150.5 � 33.5 222.4 � 72.2

a Values are reported as means � the standard deviations, unless otherwise indicated.
b SCr, serum creatinine; Ht, height; TBW, total body weight; BMI, body mass index; IBW, ideal body weight; ABW, adjusted body weight; LBW, lean body weight; BSA, body
surface area; mCLCR, measured creatinine clearance; eCLCR, estimated creatinine clearance.

FIG 1 Mean concentration-time profile of ceftaroline in plasma by body size group.
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clearance (CLT), and CLR values in the obese class III group. How-
ever, the mean minimum serum concentration (Cmin) and half-
life (t1/2) were not different between the groups.

Population pharmacokinetic analysis. Population pharma-
cokinetic analysis was performed using 416 plasma samples from
32 study subjects. A five-compartment model with zero-order in-
fusion and linear elimination fit the data best. This structural
model with relevant parameters is illustrated in Fig. 2. This struc-
tural POP-PK model included both ceftaroline fosamil and cef-
taroline plasma data which were best described as two- and three-

compartment models, respectively. Ceftaroline-M1 was not
comodeled with these data since it represented a low fraction of
the systemic profile and the pharmacokinetics were not different
between groups by noncompartmental analysis. Ceftaroline con-
centrations were transformed within the model into ceftaroline
fosamil equivalents based on the ratio of molecular weights be-
tween the two analytes (a ceftaroline fosamil/ceftaroline ratio of
1.1323). Table 3 presents parameter estimates for the final
POP-PK model. The model included a rate constant (k13) describ-
ing the first-order conversion of ceftaroline fosamil into ceftaro-

TABLE 2 Noncompartmental pharmacokinetic parameters of ceftaroline

Parameter

Mean � SD

All subjects
(n � 32)

Normal to overweight
(n � 8)

Obese class I
(n � 8)

Obese class II
(n � 8)

Obese class III
(n � 8)a

Cmax (	g/ml) 18.3 � 4.6 22.3 � 5.9 19.2 � 3.8 17.5 � 2.4 14.3 � 1.4*
Cmin (	g/ml) 0.30 � 0.15 0.32 � 0.24 0.28 � 0.07 0.27 � 0.10 0.33 � 0.17
AUC0–12 (	g·h/ml) 44.2 � 9.8 51.9 � 11.8 45.9 � 8.1 42.3 � 6.9 36.8 � 6.2*
AUC0–
 (	g·h/ml) 45.3 � 10.1 53.0 � 12.3 46.8 � 8.2 43.1 � 7.2 38.1 � 6.9*
t1/2 (h) 2.3 � 0.3 2.1 � 0.3 2.2 � 0.2 2.2 � 0.2 2.5 � 0.3
Vz (liters) 45.4 � 10.9 36.4 � 9.7 42.9 � 9.4 45.3 � 6.7 56.9 � 7.0†
Vz (liters/kg [TBW]) 0.43 � 0.07 0.49 � 0.09 0.42 � 0.07 0.40 � 0.06 0.39 � 0.04
CLT (liters/h) 13.9 � 3.0 12.0 � 3.3 13.2 � 2.3 14.2 � 2.3 16.2 � 2.9*
CLR (liters/h) 7.1 � 1.9 5.8 � 1.1 6.5 � 1.1 7.5 � 1.9 8.6 � 2.3*
a *, P � 0.026 (obese class III compared with normal to overweight); †, P � 0.012 (obese class III compared with normal to overweight and obese class I).

FIG 2 Final, five-compartment population pharmacokinetic model describing ceftaroline fosamil and ceftaroline pharmacokinetics in plasma. R0 represents the
zero-order i.v. infusion. “X” represents the amount of drug in the respective compartment. “V” represents the volume of the respective compartment. k13, k12,
k21, k34, k43, k35, and k53 represent microtransfer rate constants. CLT represents total body clearance. CMT, compartment. *fm represents the fraction of ceftaroline
fosamil converted to ceftaroline and was assumed to be 1.
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line. The large estimated mean value of k13 is in agreement with the
high rate at which ceftaroline fosamil concentrations disappear.
The fraction of drug metabolized from ceftaroline fosamil into
ceftaroline by plasma phosphatases (fm) was assumed to be 1
based on previous pharmacokinetic information from the drug
sponsor (Todd Riccobene, Forest Laboratories, unpublished
data). This assumption is reasonable given that no ceftaroline fos-
amil concentrations were detectable in urine. Combination addi-
tive and proportional residual error models were used for both
ceftaroline fosamil and ceftaroline.

Covariate analysis was performed on the primary descriptors
of ceftaroline plasma pharmacokinetics, CLT and central com-
partment volume (V3). Following multiple linear regression, the
sole significant covariates were renal function for CLT and body
size for V3. Although both mCLCR and eCLCR significantly ex-
plained interindividual variability in CLT, the relationship with
eCLCR was pursued for POP-PK model evaluation because of its
clinical application and similar significance as mCLCR. The body
size descriptors TBW, ABW, and BSA explained interindividual
variability in V3. Each body size descriptor was evaluated sepa-
rately in the POP-PK model. The POP-PK model CLT with eCLCR

(linear function) and V3 with TBW (power function) as covariates
were retained in the final POP-PK model.

Table 3 details the pharmacokinetic parameter estimates for
the final POP-PK model. Goodness-of-fit plots for ceftaroline fos-
amil and ceftaroline plasma concentrations fitted to the five-com-

partment model are displayed in Fig. 3. The observed versus pop-
ulation model-predicted and observed versus individual-
predicted concentrations demonstrated a fair fit to ceftaroline
fosamil data (R2 � 0.564 and 0.825, respectively) and more im-
portantly an excellent fit to the active ceftaroline data (R2 � 0.927
and 0.995, respectively).

Visual predictive checks for ceftaroline in plasma stratified by
each body size group of the original study population confirm that
the final model represented the data well (Fig. 4). Each visual
predictive check was based on a separate 9,999-subject simulation
with uniform distributions of TBW and eCLCR within the speci-
fied ranges per group. The overall predicted versus observed cef-
taroline concentrations (means � the standard deviations [SD])
surrounding the end of the 1-h infusion were 16.8 � 3.4 	g/ml at
0.95 h and 17.3 � 3.3 	g/ml at 1.05 h. The predicted versus ob-
served Cmin of ceftaroline were 0.39 � 0.32 	g/ml at 12 h. The
AUC estimates for the final POP-PK model were based on the
9,999 subject simulation with covariate distributions mirroring
those of the original 32 study subjects. For ceftaroline, the final
model based simulation predicted AUC0 –12 and AUC0 –inf were
44.3 � 8.9 	g·h/ml and 45.9 � 10.2 	g·h/ml, respectively, that
were equivalent to those estimated via noncompartmental analy-
sis (Table 2).

Probability of target attainment. A Monte Carlo simulation
of 9,999 subjects was performed to estimate the % fT�MIC for
ceftaroline in each simulated subject at steady state following six
600-mg doses of CPTF given i.v. every 12 h (in 1-h infusions).
Covariate values were uniformly distributed across a prespecified
range (TBW, 50 to 180 kg; eCLCR, 20 to 200 ml/min). These ranges
were based on those of the original study population, with the
exception of eCLCR, whose range extended to 20 ml/min (below
the minimum eCLCR of 77.3 ml/min). These additional values of
eCLCR were included to fully explore the effect of renal function
on ceftaroline exposure. Only data for an eCLCR of �50 ml/min
are presented here since this is the recommended lower limit of
renal function for the full U.S. Food and Drug Administration
(FDA)-approved dosage of 600 mg i.v. every 12 h (Forest Pharma-
ceuticals, Inc.). As a consequence, this represents a subset of the
9,999 simulated subjects (n � 8,344) with a TBW of 50 to 180 kg
and an eCLCR of 50 to 200 ml/min.

The simulations predicted a �90% probability of achieving 30,
40, and 50% fT�MIC when isolates have an MICs of 2, 1, and 0.5
	g/ml, respectively. For the MIC distributions from clinical respi-
ratory isolates collected from 2009 to 2011, the cumulative frac-
tions of response for select microorganisms at various exposure
targets are summarized in Table 4. The CFRs were well above 90%
with all exposure targets for MSSA, S. pneumoniae, and non-
ESBL-producing E. coli and Klebsiella spp. For MRSA, the cumu-
lative fractions of response were 95.7 and 93.8% for the 30 and
40% f T�MIC targets, respectively. An 87.5% cumulative fraction
of response was predicted for the 50% f T�MIC target against the
evaluated MRSA MIC distribution.

Safety. Ceftaroline fosamil was well tolerated, and no serious
events were reported. Six subjects experienced a total of 8 adverse
events. The majority of AEs were mild (n � 7) with the most
common being rash in the antecubital region where adhesive tape
for the peripheral i.v. was placed (n � 3). Other mild AEs included
headache, nausea, one episode of loose stool, and ecchymosis in
the antecubital region (n � 1 per AE). One subject in obese class
III experienced a moderate AE reported as an elevation in the

TABLE 3 Final population pharmacokinetic model for ceftaroline
fosamil and ceftaroline: parameter estimates and standard errorsa

Parameterb Mean %RSE SD %CV

V1 (liters) 17.9 47.1 9.49 52.9
k13 (h�1) 15.4 24.6 5.49 35.7
k12 (h�1) 1.02 47.5 0.425 41.5
k21 (h�1) 1.58 82.6 0.219 13.9
V3 (liters)* 17.2

TBW power 0.552 8.08
CLT (liters/h)† 16.4

eCLCR intercept 7.51 33.8
eCLCR slope 3.82 68.5

k34 (h�1) 0.401 38.3 0.0506 12.6
k43 (h�1) 0.581 11.7 0.0623 10.7
k35 (h�1) 1.72 58.5 0.266 15.5
k53 (h�1) 2.81 37.0 0.380 13.5
�2

Add-CPTF �0.0134 20.9
�2

Prop-CPTF 0.259 21.4
�2

Add-CPT 0.000930 909.0
�2

Prop-CPT 0.0551 8.97
a %RSE, relative standard error; %CV, coefficient of variation.
b V1, volume of distribution for ceftaroline fosamil (CPTF) central compartment; k13,
rate constant from CPTF central compartment to ceftaroline (CPT) central
compartment; k12, microtransfer rate constant from CPTF central to CPTF peripheral
compartment; k21, microtransfer rate constant from CPTF peripheral to CPTF central
compartment; V3, volume of distribution for CPT central compartment; TBW, total
body weight; CLT, total body clearance of CPT; eCLCR, estimated creatinine clearance;
k34, microtransfer rate constant from CPT central to first CPT peripheral compartment;
k43, microtransfer rate constant from first CPT peripheral to CPT central compartment;
k35, microtransfer rate constant from CPT central to second CPT peripheral
compartment; k53, microtransfer rate constant from second CPT peripheral to CPT
central compartment; �2

Add-CPTF, additive error for ceftaroline fosamil; �2
Prop-CPTF,

proportional error for ceftaroline fosamil; �2
Add-CPT, additive error for ceftaroline;

�2
Prop-CPT, proportional error for ceftaroline. *, Population mean V3 � TBW0.552; †,

population mean CLT � 7.51  3.82 � (eCLCR/126).
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AST/ALT from the baseline. Peak measurements were approxi-
mately 8 and 4 times the baseline values, respectively, at 4 weeks
after study drug administration. The subject was clinically stable
with no other significant signs or symptoms upon medical evalu-
ation. Elevated hepatic enzymes returned to baseline following
discontinuation of the concomitant medication, an oral hor-
monal combination drug (cyproterone/ethinyl estradiol). All AEs
were classified as possibly related to the study drug, with the ex-
ception of nausea, which was probably related, and headache,
which was not related due to a strong temporal relationship with
significant caffeine consumption that occurred �12 h after the
study drug administration.

DISCUSSION

Use of fixed antimicrobial doses irrespective of body size may
increase the risk for inadequate antimicrobial exposure and de-
creased efficacy among obese patients (9–11). Body size is one of
several covariates that may explain interindividual variability of

antimicrobial pharmacokinetics, but the ability to discern the in-
dependent relationship of this covariate is not straightforward. As
an example, pharmacokinetic analyses commonly identify esti-
mated renal function as a parameter predictive of antimicrobial
clearance (CL), especially when a drug such as ceftaroline is elim-
inated unchanged in urine (25). The evaluation of renal function
is often based on eCLCR, which is a composite parameter of age,
sex, SCr, and body size. As expected, the ability to discern the
independent relationship between body size and drug CL requires
that age, sex, and SCr be narrowly distributed relative to the body
size distribution. The present study was uniquely designed to eval-
uate the pharmacokinetics of ceftaroline in 32 healthy adult vol-
unteers across a wide distribution of body size while matching the
covariates of age, sex, race/ethnicity, and SCr of these subjects.

Our study demonstrates that ceftaroline exposure in our obese
subjects appeared lower than previously published estimates in
healthy subjects who were nonobese (e.g., mainly normal to over-

FIG 3 Scatter and linear fit plots of observed versus population predicted (A) and observed versus individual predicted (B) concentrations of ceftaroline fosamil
in plasma and of observed versus population predicted (C) and observed versus individual predicted (D) concentrations of ceftaroline in plasma. Bold dashed
lines are linear fits of the data. Solid lines are lines of identity.
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weight) (25, 26). A previous report indicates that administration
of a single 600-mg dose of ceftaroline fosamil in healthy subjects
with a TBW (mean � the SD) of 70.6 � 10.2 kg and a BMI of
26.1 � 2.7 kg/m2 resulted in a ceftaroline Cmax of 27.9 � 4.3 	g/ml

and AUC0 –
 of 62.2 � 8.5 	g·h/ml by noncompartmental analysis
(26). These observed values were higher than the Cmax of 18.3 �
4.6 	g/ml and AUC0 –
 45.3 � 10.1 	g·h/ml observed in our study
group with increased TBW and BMI (n � 32, 109 � 29.1 kg). The
respective mean Cmax and AUC0 –
 values were 36 and 28% lower
in obese class III subjects than in normal to overweight subjects.
The decrease in Cmax with larger body size groups was consistent
with the expectation of a larger volume of distribution with body
size. Similarly, the observed lower AUC values with increasing
body size groups was a function of a higher CLT that could be
explained, in part, by a higher CLR. The mean CLR was ca. 40%
higher in obese class III subjects compared to normal to over-
weight subjects. The observed differences among the CLR values
corresponded with a similar mean difference in the mCLCR.

Approximately 50% of ceftaroline and 4% of ceftaroline-M1
was recovered in the urine in the present study compared to pre-
viously reported recovery amounts of 60 and 6%, respectively (25,
26). Our slightly lower rates of recovery are consistent with the
shorter 12-h urine collection compared to the 48-h collection that
occurred in that previous study. Noting the general effects of in-

FIG 4 Visual predictive checks of ceftaroline concentrations (log scale) in plasma stratified by body size group: normal to overweight (A), obese class I (B), obese
class II (C), and obese class III (D). Shaded region indicates 90% prediction interval of ceftaroline concentration over time. Solid black line indicates median
predicted ceftaroline concentration over time. Solid gray circles indicate observed ceftaroline concentrations over time.

TABLE 4 Cumulative fractions of response for ceftaroline against select
microorganisms from respiratory isolates collected from 2009 to 2011

Microorganisma (no. of
isolates)

CFR (%)b

30%
fT�MIC

40%
fT�MIC

50%
fT�MIC

S. aureus (1,087) 99.9 99.0 95.6
MSSA (555) 100.0 100.0 99.8
MRSA (532) 95.7 93.8 87.5

S. pneumoniae (3,360) 100.0 100.0 100.0
Non-ESBL E. coli (178) 96.8 94.9 93.6
Non-ESBL Klebsiella spp. (479) 99.3 98.8 97.8
a MSSA, methicillin-susceptible S. aureus; MRSA, methicillin-resistant S. aureus; ESBL,
extended-spectrum �-lactamase.
b CFR, cumulative fraction of response; 30, 40, and 50% fT�MIC, percentage(s) of
time that free drug concentrations exceeded the MIC. Estimate in boldface is �90%.
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creasing body size on estimated pharmacokinetic parameters with
noncompartmental analysis, a more robust description of phar-
macokinetics for ceftaroline was then defined by a POP-PK
model.

A five-compartment model with linear elimination best de-
scribed the data for ceftaroline fosamil and ceftaroline. This final
POP-PK model was relatively similar to a previously published
POP-PK model developed with ceftaroline pharmacokinetic data
from clinical trials, albeit with some notable differences (27–30).
The previous model utilized three and two compartments for cef-
taroline fosamil and ceftaroline, respectively; parallel linear and
Michaelis-Menten elimination pathways for ceftaroline; and ad-
ditional covariates (age, gender, and phase 2/3 patient status).
These structural model differences are due to the significantly
larger, more heterogeneous data set used for model development,
which included hundreds of subjects (both healthy volunteers and
patients), ceftaroline fosamil doses ranging from 50 to 2,000 mg,
and both i.v. and intramuscular drug administration.

In the previous model, the major determinant of variability in
ceftaroline pharmacokinetics and the only covariate requiring
dosage adjustment was eCLCR (27). Although the present POP-PK
model utilized a linear relationship, the initial log-log regression
of eCLCR on CLT estimated a �-exponent of 0.398 and the model
from Van Wart et al. estimated �-exponents of 0.441 and 0.343 for
intrinsic and linear CL, respectively. These comparable estimates
suggest the underlying relationships between eCLCR and ceftaro-
line CL in each data set are similar.

The present model included the additional significant covari-
ate of TBW on V3. Similar power relationships between body size
descriptors and the volume of distribution of ceftaroline (TBW
with � � 0.46; BSA with � � 1.35) have been reported in previous
POP-PK analyses based on earlier clinical trial data sets (27, 31).
The inclusion of this covariate in the present model is likely due to
the wide, stratified distribution of body size descriptors in our
study. Such a design has been suggested to increase the power to
detect true covariate relationships (32).

Monte Carlo simulations with the present POP-PK model sug-
gest increasing body size and/or renal function has minimal effect
on target attainment at most MICs. Although lower single-dose
exposures were observed in obese class III subjects, no dosage
adjustment of ceftaroline fosamil is predicted based on multiple-
doses in this study population. The CFRs estimated here, as well as
those previously published, suggest that the current FDA-ap-
proved regimen of ceftaroline fosamil administered at 600 mg i.v.
every 12 h as a 1-h infusion should provide adequate target expo-
sure for the majority of clinical isolates of MSSA, S. pneumoniae,
and non-ESBL-producing E. coli or Klebsiella spp. encountered in
the United States (28–30). This regimen also appears to be rela-
tively safe with no serious AEs reported in this study. This regimen
is likely reliable for mild to moderate infections secondary to
MRSA (CFR 95.7% for the stasis target of 30% fT�MIC). Con-
sideration of a higher target of 50% fT�MIC for MRSA may sup-
port more aggressive dosing (e.g., every 8 h) and/or combination
therapy for serious, deep-seated infections, but this requires fur-
ther study.

A major strength of the present study is its underlying design.
Stratification ensured even distribution of subject enrollment
across a wide range of covariates of interest. This allowed for de-
tailed covariate analysis and likely increased study power to iden-
tify true parameter-covariate relationships. In addition, matching

of other known covariates (e.g., age, sex, serum creatinine, race,
and ethnicity) helped minimize confounding, although matched
covariates were still considered for inclusion in the model. Ample
sampling of plasma ceftaroline concentrations also allowed for a
relatively good fit of the structural POP-PK model even before the
inclusion of covariates (Fig. 3).

Although our data represent a reasonable first step in exploring
the complex relationships between body size, renal function, and
ceftaroline CLT, some limitations should be considered. First, the
study here enrolled healthy subjects who typically exhibit de-
creased pharmacokinetic variability and lower CLT levels com-
pared to infected patients. Previous POP-PK models suggest that
subjects in ceftaroline phase 2/3 studies had a 35% higher mean
CLT than those in phase 1 studies (27–30). Given this background,
obese class III adults who are acutely infected may theoretically
have a higher CLT than that predicted by our model. As a conse-
quence, our findings require validation in an obese patient popu-
lation, including those with renal insufficiency who were not in-
cluded here. Also, we assumed plasma protein binding to be 20%.
It is unclear how altered protein binding in patients may affect the
pharmacokinetics of ceftaroline. Additional considerations in-
clude a limited ability to evaluate the effect of matched covariates,
single dose administration requiring extrapolation of concentra-
tion data at steady state, 12-h data collection, and reliance on 12-h
mCLCR instead of a 24-h urine collection.

In conclusion, the pharmacokinetics of ceftaroline fosamil and
ceftaroline in subjects who ranged from normal weight to obese
were best described by a five-compartment, linear population
pharmacokinetic model, including eCLCR and TBW as covariates.
Despite significantly decreased Cmax and AUC0 –
 and increased
CLT and V3 with increasing body size, target attainment data sug-
gest that no dosage adjustment for ceftaroline appears necessary
based on body weight alone in healthy subjects with comparable
renal function. Our findings suggest that ceftaroline plasma expo-
sures are lower in obese class III compared to normal to over-
weight adults after a single dose. Model based predictions of mul-
tiple doses indicate adequate achievement of target attainment for
this antimicrobial with time-dependent pharmacodynamics. No
signal of worse outcomes in obese patients compared to nonobese
patients treated with standard doses of ceftaroline fosamil for
ABSSSI has been reported to date. Despite this, confirmation of
these pharmacokinetic findings for ceftaroline in obese patients
will permit appropriate translation of our model-based predic-
tions.
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