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ABSTRACT Ceftaroline, approved to treat skin infections and pneumonia due to
methicillin-resistant Staphylococcus aureus (MRSA), has been considered for the treat-
ment of central nervous system (CNS) infections. A population pharmacokinetic
(popPK) model was developed to describe ceftaroline soft tissue and cerebrospinal
fluid (CSF) distributions and investigate the probability of target attainment (PTA) of
the percentage of the dosing interval that the unbound drug concentration exceeded
the MIC (%fT- ) to treat MRSA infections. Healthy subjects’ plasma and microdialysate
concentrations from muscle and subcutaneous tissue following 600 mg every 12 h
(g12h) and g8h and neurosurgical patients’ plasma and CSF concentrations following
single 600-mg dosing were used. Plasma concentrations were described by a two-com-
partment model, and tissue concentrations were incorporated as three independent
compartments linked to the central compartment by bidirectional transport (clearance in
[CL,.] and CL,). Apparent volumes were fixed to physiological interstitial values. Healthy
status and body weight were identified as covariates for the volume of the central com-
partment, and creatinine clearance was identified for clearance. The CSF glucose concen-
tration (GLUC) was inversely correlated with CL; c. Simulations showed a PTA
of >90% in plasma and soft tissues for both regimens assuming an MIC of 1 mg/L
and a %fT_,,c of 28.8%. Using the same target, patients with inflamed meninges
(0.5 < GLUC = 2 mmol/L) would reach PTAs of 99.8% and 97.2% for 600 mg q8h and
q12h, respectively. For brain infection with mild inflammation (2 < GLUC = 3.5 mmol/
L), the PTAs would be reduced to 34.3% and 9.1%, respectively. Ceftaroline’s penetration
enhanced by meningeal inflammation suggests that the drug could be a candidate to
treat MRSA CNS infections.

KEYWORDS MRSA infection, PTA, brain penetration, ceftaroline, peripheral tissue
penetration, popPK model

eftaroline, the active metabolite of the prodrug ceftaroline fosamil, is a cephalo-

sporin approved for the treatment of complicated skin and soft tissue infections
(cSSTIs) and community-acquired pneumonia (1). In contrast to the majority of cepha-
losporins, ceftaroline presents activity against multiresistant Gram-positive microor-
ganisms, including methicillin-resistant Staphylococcus aureus (MRSA) (2). Due to the
increased prevalence of infections caused by MRSA and owing to the risks and toxicity
of most of the antimicrobial options available, ceftaroline has been considered for the
treatment of nonapproved conditions such as meningitis (3-5). S. aureus meningitis
accounts for 4.9 to 6.4% of total cases and presents a high mortality rate depending on
the infection source (hematogenous source, 43 to 50%; postsurgically, 14 to 25%) (6).

There are few reported cases of the clinical success of central nervous system (CNS)
infections treated with ceftaroline (4, 7, 8). Recent reports of neurosurgical patients

September 2022 Volume 66 Issue 9

Copyright © 2022 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Teresa Dalla Costa,
dalla.costa@ufrgs.br.

The authors declare a conflict of interest. This
work was partially financed by a grant from
Pfizer (2018 Anti-Infectives ASPIRE, #
WI242215). AP.Z,BV.d.A, and T.D.C. have
received research grants from Pfizer.

[This article was published on 25 August 2022
with errors in the affiliation line. The affiliation
line was corrected in the current version, posted
on 1 September 2022.]

Received 26 May 2022

Returned for modification 8 July 2022
Accepted 2 August 2022

Published 25 August 2022

10.1128/aac.00741-22 1


https://orcid.org/0000-0001-5331-4837
https://orcid.org/0000-0002-1873-3953
https://orcid.org/0000-0002-9706-0389
https://orcid.org/0000-0001-9227-2991
https://doi.org/10.1128/ASMCopyrightv2
https://doi.org/10.1128/aac.00741-22
https://crossmark.crossref.org/dialog/?doi=10.1128/aac.00741-22&domain=pdf&date_stamp=2022-8-25

PopPK of Ceftaroline in Brain and Soft Tissues Antimicrobial Agents and Chemotherapy

TABLE 1 Summary of the demographic and clinical characteristics of the subjects included in
popPK modeling?

Value for group

Parameter Healthy volunteers? Neurosurgical patients®
No. of male/no. of female subjects 12/0 5/4

Median age (yrs) (SD) 27.5(8.2) 71 (15.6)

Median wt (kg) (SD) 74.5(12.1) 79(17.2)

Median creatinine clearance® (mL/min) (SD) 145 (22.2) 108 (41.4)

Median CSF glucose concn (mmol/L) (SD) NA 3.9(0.9)

Median CLy,, (mL/h) (SD) NA 542 (3.1)

aCSF, cerebrospinal fluid; CL,,,, flow rate of the external ventricular drain; NA, not applicable.
bData from Chauzy et al. (9).

Calculated by the Cockcroft-Gault equation.

9Data from Matzneller et al. (10).

who had an external ventricular drain (EVD) that allowed sampling indicated that the
drug shows low penetration in the cerebrospinal fluid (CSF) (9). However, no data are
available concerning the evaluation of pharmacokinetic-pharmacodynamic (PK/PD) tar-
get attainment of this drug in CNS infections.

Similarly, limited data are available regarding the ceftaroline peripheral tissue distri-
bution (10, 11). Although many studies have demonstrated the effectiveness of this
drug for the treatment of cSSTls, all were conducted using plasma concentrations as a
surrogate for biophase concentrations (12, 13). One study has shown low unbound
concentrations of ceftaroline in the extracellular fluid of muscle and subcutaneous tis-
sues, determined by microdialysis, in comparison to plasma levels, indicating that free
plasma concentrations may overestimate pharmacologically active concentrations at
the infection site (10).

The development of a population pharmacokinetic (popPK) model combined with
Monte Carlo simulations could be a powerful tool to determine the optimal dosage regi-
men to maximize the likelihood of reaching the necessary exposure to treat infections
(14). This is especially useful in studies with a limited number of patients, commonly
associated with CNS infections, where the model can be used to make predictions of
untested scenarios (15).

Intending to evaluate the adequacy of ceftaroline for the treatment of CNS and soft
tissue infections, here, we describe the development of a popPK model built using free
peripheral concentrations collected by microdialysis in muscle and subcutaneous tis-
sue, previously reported by Matzneller and colleagues (10), along with CSF free con-
centrations obtained from neurosurgical patients, previously reported by Chauzy and
colleagues (9).

RESULTS

Patients and data. The demographics and clinical characteristics of the 12 volun-
teers and 9 neurosurgical patients are summarized in Table 1. The overall median age
was 35 years, with most older subjects belonging to the neurosurgical group. Women
were included only in the patient group, which presented a broader range of creati-
nine clearance (CL,,) values. The overall median CL., was 125.7 mL/min.

Pharmacokinetic analysis. Totals of 323 plasma concentrations (274 from healthy
volunteers and 49 from neurosurgical patients); 289 and 281 microdialysate concentrations
in muscle and subcutaneous tissues, respectively; and 54 CSF concentrations were
included in the population analysis. Plasma concentrations were best described by a two-
compartment model parameterized in terms of clearance (CL), the central volume of distri-
bution (V;), the peripheral volume of distribution (V,), and intercompartmental clearance
(Q). Tissue concentrations were incorporated into the model as individual compartments,
with volumes fixed as interstitial physiological values (16, 17). These compartments were
linked to the central compartment with bidirectional transport, parameterized as intercom-
partmental clearance in and out (Q,, and Q,,, respectively) (Fig. 1). Interindividual varia-
bility (1IV) was described by an exponential model and was then estimated for V;, CL,
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FIG 1 Ceftaroline structural popPK model. V1, volume of the central compartment; V2, peripheral
volume of distribution; V3, volume of the muscle tissue compartment; V4, volume of the
subcutaneous tissue compartment; CL, clearance from the central compartment; ClLy,, elimination of
ceftaroline from the CSF via an external ventricular drain; Q2, intercompartmental clearance between
the central and peripheral compartments; Q,, intercompartmental clearance into the tissue; Q
intercompartmental clearance out of the tissue.

out/

Qi muscier Qinsubcutaneous: @aNd both Qi s and Q. cse, Where the latter two shared the
same IIV. An additive-error model for each plasma, muscle, subcutaneous tissue, and
CSF concentration was sufficient to describe the residual unexplained variability.
The loss of CSF by an EVD was considered by including it as a fixed value of its actual
rate for each patient (Clgp) (9).

Concerning the covariate analysis, the inclusion of CL., on CL leads to a significant
decrease in the objective function value (OFV) (AOFV, 14.50) and explains the variabili-
ty on this parameter by reducing it from 23.7% to 17.5%. Patient status and weight
were related to a decrease in the IIV from 29.7% to 16.4% (AOFV, 13.23 and 11.51,
respectively). The inclusion of the glucose concentration (GLUC) in Qs leads to a
reduction of the IIV from 100% to 58.1% (AOFV, 26.165).

The final model parameters including the covariates were expressed as follows:

CL(L/h) = 12.8 x 00495 (CLe— 125.7)
Vi(L) =18 x (1 + 0.482 x healthy status) x ¢0011% (weight=76.5)

Quncse(L/h) = 0.00142 x ¢~ 077 (GLUC=39)

The inverse correlation found between Q,,ss and GLUC can be observed in Fig. 2,
which includes data from the observed neurosurgical patients and 1,000 simulated
individuals assuming a random distribution of GLUC of between 3.5 and 6.5 mmol/L.

The parameters for the final popPK model are shown in Table 2, together with uncer-
tainties and distributions describing the IIV in model parameters. Model parameters
were estimated with good precision, and diagnostic plots showed a good agreement
between the observed and predicted data (Fig. 3 and 4). The prediction-corrected visual
predictive check (pcVPC) indicated adequate goodness of fit and good predictive per-
formance of the final popPK model for all tissues investigated (Fig. 5).

Simulations. The PTA-versus-MIC profiles corresponding to Monte Carlo simula-
tions of the groups with normal renal function and different stages of meningeal
inflammation for the two different dosing regimens for a PD target of a percentage of
the dosing interval that the unbound drug concentration exceeded the MIC (%fT- ;c)
of 34.7% are represented in Fig. 6. Simulations for the other groups and targets of %
T mic of 26.8% and 30.7% are illustrated in Fig. S1 to S11 in the supplemental material.

Based on the free plasma concentrations, the percentages of simulated patients
achieving the ceftaroline target PK/PD index were above 90% for a 2-mg/L MIC across
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FIG 2 Correlation between intercompartmental clearance into the CSF (Q,) and the CSF glucose
concentration. Red circles represent the observed data, and black circles represent the simulated patients.

all groups and dosing regimens evaluated. On the other hand, based on free ceftaro-
line muscle and subcutaneous tissue concentrations, the desired target of a =90% PTA
for an MIC of 2 mg/L was reached across all tested groups only when using 600 mg
through a 2-h intravenous (i.v.) infusion three times a day. When the same amount of
the drug was administered as a 1-h i.v. infusion twice a day, the percentage of simu-
lated patients with normal renal function achieving %fT-,,c targets of 28.8%, 30.7%,
and 34.7% were 95.3%, 81.8%, and 52.0% for muscle and 98.7%, 93.1%, and 73.0% for

TABLE 2 Parameter estimates of the final ceftaroline population pharmacokinetic model“

Bootstrap mean estimated Bootstrap mean

Parameter Estimated value (% RSE) value (95% Cl)® % CV for IIV (% RSE) % CV (95% Cl)*
CL (L/h) 12.8 (4.3) 12.75 (11.73 to 13.86) 18.4 (16.4) 17.5(12.3t0 22.0)
V(L) 18.0 (5.9) 17.97 (15.83 to 20.03) 16.3 (26.2) 14.8 (7.3 t0 20.4)
Q, (L/h) 4.57 (5.5) 4.47 (3.31t0 6.67)
v, (L) 8.11(11.3) 7.93 (5.69t0 9.72)
Qi muscie (L7D) 5.96 (13.2) 5.99 (4.63 t0 7.77) 30(22) 28.9 (15.6 to 40.6)
Qoutmuscie (L/N) 11.4(9.1) 11.35(9.32 to 13.96)
Visere (L) 3.91 fix 3.91(3.91t03.91)
Qi supcutancous (L/H) 3.3(13.5) 3.34(2.41t0 4.58) 33.3(21.6) 31.7 (18.5 t0 39.9)
Qoutsubcutancous (L/N) 5.69 (8.7) 5.71 (4.38t07.32)
V,ubeutancous (L) 2.29 fix 2.29(2.29 0 2.29)
Qycsr (ML/A) 142 (23.3) 1.48 (0.90 to 2.39) 57.6 (30.6) 59.1 (20.6 to 95.9)
Quucse (ML/h) 16.3 (22.2) 16.39 (9.42 to 24.60) 57.6 (30.6) 59.1 (20.6 t0 95.9)
Veee (L) 0.15 fix 0.15(0.15t0 0.15)
O heatthy status 0.481 (30.1) 0.529 (0.117 to 0.978)
0 e 0.012(28.3) 0.0123 (0.0045 to 0.0195)
0 crcr 0.00495 (26.1) 0.00511 (0.0031 to 0.0080)
0 grucose —0.737 (15.7) —0.803 (—1.61to —0.413)
Plasma additive error (mg/L) 0.155 (4.4) 0.151(0.123 t0 0.176)
Muscle additive error (mg/L) 0.318 (4.3) 0.315(0.270 to 0.360)
Subcutaneous tissue additive 0.324 (4.4) 0.322 (0.283 to 0.364)

error (mg/L)
CSF additive error (mg/L) 0.518 (10.7) 0.486 (0.266 to 0.754)

aCL, clearance; V,, central volume of distribution; Q,, intercompartmental clearance from the central compartment to the peripheral compartment; V,, peripheral volume of
distribution; Q,,, intercompartmental clearance from the central compartment to the indicated tissue; Q,,, intercompartmental clearance from the indicated tissue
compartment to the central compartment; fix, fixed value; RSE, relative standard error; CV, coefficient of variation; Cl, confidence interval; theta symbol, estimated theta for
the covariate; CrCL, creatinine clearance; wt, weight.

bBootstrap analysis was performed with 1,000 data sets, with 940 successful runs.
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FIG 3 Observed versus population-predicted (left) and individual-predicted (right) ceftaroline concentrations in plasma
(@), muscle (b), subcutaneous tissue (c), and CSF (d). The solid gray lines represent the line of identity (x = y), and the
dashed black lines represent the linear regression line of fit.
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FIG 5 Prediction-corrected visual predictive check (pcVPC) for ceftaroline in plasma of healthy subjects
(top left), plasma of neurosurgical patients (top right), muscle tissue (middle left), subcutaneous tissue
(middle right), and cerebrospinal fluid (bottom) based on 1,000 simulated data sets. Circles represent
the observed data. The shaded areas are the 95% confidence intervals for the 2.5th (light gray), 50th
(dark gray), and 97.5th (light gray) percentile prediction intervals based on the simulated data. The
solid black lines represent the median observed concentration, and the dashed black lines represent

the observed 2.5th and 97.5th percentiles.

subcutaneous tissue, respectively. For the group with impaired renal function receiving
400 mg twice a day, the percentage of simulated patients achieving %fT-,, targets of
28.8%, 30.7%, and 34.7% were 98.4%, 89.2%, and 57.5% for muscle and 99.5%, 97.4%,
and 85.3% for subcutaneous tissue, respectively.

Considering ceftaroline CSF concentrations for the treatment of CNS infections, the
probabilities of target attainment are lower for the no-inflammation state in the
meninges than for the inflamed state. Simulated patients with an absence of inflamed
meninges reached concentrations that may not be appropriate to treat CNS infections
independently of the renal function status and dosing regimen evaluated. However,
when considering the inflamed state of the meninges, for an MIC of 1 mg/L and a dos-
ing interval of 12 h, the percentages of simulated patients with normal renal function
achieving %fT-,,c targets of 28.8%, 30.7%, and 34.7% were 97.2%, 96.9%, and 96.3%,
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FIG 6 Probability of target attainment (PTA) for 1,000 simulated patients with normal renal function achieving a %fT
target of 34.7% for MRSA by MIC following the administration of ceftaroline fosamil at 600 mg q12h as a 1-h i.v. infusion
(@ and ¢) or 600 mg g8h as a 2-h i.v. infusion (b and d), overlaid with the ceftaroline MIC distribution for MRSA from
EUCAST (light gray bars). The top panels are representative of unbound plasma (solid black lines with closed circles),
muscle (dashed light gray lines with triangles), and subcutaneous tissue (dashed gray lines with open circles). The bottom
panels are representative of cerebrospinal fluid depending on the meningeal status: inflamed (solid black lines with closed
circles), mildly inflamed (dashed gray lines with open circles), and normal (dashed light gray lines with triangles).

respectively, whereas for the dosage regimen with a shorter interdose interval, the
achieved PTA was 99.8% for all three targets.

DISCUSSION

Based on data from previously published studies with healthy volunteers and neurosur-
gical patients, it was found that the patient status can influence the plasma disposition of
the drug as a result of an increased volume of distribution in the patient population. It was
shown that ceftaroline reaches sufficient free concentrations in soft tissues for the treat-
ment of MRSA-related infections. Additionally, our results showed that the penetration of
ceftaroline into the CSF may depend on the degree of meningeal inflammation, where
patients with inflamed meninges present better penetration, leading to higher probabil-
ities of reaching the PD target for MRSA infections.

A two-compartment model was found to adequately describe plasma ceftaroline
concentrations, in agreement with other models reported in the literature (11, 18, 19).
Also, similar to those models, the covariate analysis showed that clearance was directly
correlated with creatinine clearance, which can be explained by the renal elimination
pathway of this antimicrobial (20). Additionally, weight was identified as an important
covariate for the central volume of distribution, where heavier patients would present
an increased volume of distribution. Furthermore, neurosurgical patients showed a
higher volume of distribution (26.7 L) than healthy subjects (18 L). This phenomenon
has been described in previous models for ceftaroline (18) and is in agreement with
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the literature as cephalosporins and B-lactams usually present a higher volume of dis-
tribution in patients than in healthy subjects (21, 22).

The time to the maximum free concentration of the drug (T,,,.,) in tissues occurred af-
ter the one observed in plasma. This pattern of delayed distribution to the tissues was
modeled with bidirectional transport parameterized with clearance in (CL;,) and CL,,,
assuming one additional compartment for each observed tissue. Due to the nature of
the microdialysis data, which leads to richer information on drug tissue concentrations,
and due to the small number of CSF samples, the volumes of tissue compartments were
fixed to the interstitial physiological values (16, 17), aiming to stabilize the model predic-
tions. This strategy has previously been used in analyses of tissue concentrations, such
as lung and central nervous system concentrations (23-26).

The model-estimated ratios of ceftaroline penetration into the muscle and subcuta-
neous tissues were 0.52 and 0.58, respectively. Although the drug exposures were simi-
lar between these two tissues, they showed important differences in the PTA analysis
(Fig. 6). For instance, following ceftaroline fosamil as a 1-h i.v. infusion of 600 mg twice
daily, the target of 30.7% for the 2-mg/L MIC was reached in the subcutaneous tissue
(93.1%) but not the muscle (81.8%). This highlights the importance of characterizing
the disposition of drugs at different sites of infection once different exposures lead to
different outcomes.

The observed CSF penetration ratio of about 9%, as expected, was lower than the
penetration ratios observed in peripheral tissues. Despite this low penetration, an im-
portant inverse correlation was found between glucose CSF concentrations and inter-
compartmental clearance to the CSF (Qj,csp), as previously reported (9) (Fig. 2). The
higher the glucose levels in CSF, the lower the penetration of ceftaroline into the CNS.
Since hypoglycorrhachia (glucose level of <40 mg/dL or 2.22 mmol/L) (27) is com-
monly associated with infections such as meningitis, this clinical parameter was further
explored under circumstances not observed in the patients used to build the model,
who showed CSF glucose concentrations no lower than 3.6 mmol/L. Assuming a uni-
form distribution, three stages of CSF glucose concentrations were simulated. The
group with an absence of inflammation (mean glucose levels of 5 mmol/L) would pres-
ent a median ceftaroline penetration in the CSF of 4%. The group with mildly inflamed
meninges (mean glucose levels of 2.8 mmol/L) would present a median penetration of
about 19%, while in the group with inflamed meninges (mean glucose levels of
1.2 mmol/L), ceftaroline penetration would be higher, with a median of approximately
62%. These different degrees of CSF exposure resulted in quite pronounced differences
in the PTAs among the three stages of inflammation. For an MIC of 1 mg/L and a %
fT-wic target of 34.7%, the percentages of simulated patients with normal renal func-
tion and inflamed meninges who would attain the PK/PD target were 99.8% and 96.3%
for three-times-daily and twice-daily doses, respectively. The reached percentages for
simulated patients with mildly inflamed meninges were 32.3% and 7.2% for three-
times-daily and twice-daily doses, respectively, while none of the simulated patients
with noninflamed meninges reached the target for both dosing regimens. Patients
with mild renal impairment and inflamed meninges receiving the three-times-daily
dosage regimens reached better results, with 89.8% of the simulated patients reaching
the %fT_ ¢ target of 34.7% at a higher MIC of 2 mg/L. The same pattern was observed
in the simulated patients with impaired renal function, where at an MIC of 2 mg/L, the
PTA was 95.5%. However, when adjusting for the recommended dose of 400 mg, the
PTAs were similar to those encountered in simulated patients with normal renal func-
tion (see Fig. S1 to S11 in the supplemental material).

This pattern of poor CNS penetration into intact meninges and increased penetra-
tion into inflamed meninges has been reported previously for other antimicrobials (28,
29). Vancomycin, the antimicrobial recommended by the Infectious Diseases Society of
America for the treatment of MRSA meningitis, is one of them (23, 30, 31). One study
conducted with adult patients presenting CSF characteristics that strongly suggested a
diagnosis of bacterial meningitis, accompanied by a very low glucose concentration

September 2022 Volume 66 Issue 9

Antimicrobial Agents and Chemotherapy

10.1128/aac.00741-22

9


https://journals.asm.org/journal/aac
https://doi.org/10.1128/aac.00741-22

PopPK of Ceftaroline in Brain and Soft Tissues Antimicrobial Agents and Chemotherapy

(mean value of <0.5 mmol/L), showed good CSF penetration of vancomycin (approxi-
mately 30%) (32). Similar results were reported in another study with patients with
postneurosurgical meningitis that compared intermittent and continuous infusion reg-
imens (CSF/serum ratios of 24.84% and 27.39%, respectively) (33). In cases of nonin-
flamed meninges, such as ventriculitis, the reported vancomycin penetration is much
lower (23, 31). Blassmann and collaborators (31) reported a CSF/serum ratio of 3% in
patients with an EVD implanted who had proven or suspected EVD-associated ventri-
culitis and were receiving vancomycin as a prolonged infusion over 4 h.

Due to concerns about vancomycin nephrotoxicity, ceftaroline has been used off-label
to treat patients with different CNS infections. Some case reports confirm the success of
ceftaroline in the treatment of CNS infections foreseen in the present study. Cies and col-
leagues (7) reported an MRSA ventriculopleural shunt infection successfully treated with
ceftaroline. The patient initially received vancomycin and ceftriaxone, with the latter being
replaced by ceftaroline on the third day of therapy. The CSF culture was sterilized within
24 h after the addition of ceftaroline. Also, simultaneous serum and CSF concentrations
determined at steady state showed a CSF penetration ratio of between 2.4% and 7.6%.
Roujansky and collaborators (8) reported a similar case where a patient presented with a
ventriculostomy-related infection caused by multidrug-resistant Staphylococcus epidermidis.
CSF sterilization was reached 6 days after the start of ceftaroline treatment, with a reported
CSF penetration ratio of 2.6 to 4.8%. Four cases of bacterial meningitis caused by
Streptococcus pneumoniae and one caused by methicillin-sensitive S. aureus treated with
ceftaroline were reported by Sakoulas et al. (4). Clinical success was observed in 4 of the
patients, who received treatment with 600 mg three times daily. The only case that
required alternative therapy was under a dosing regimen of 600 mg twice daily. These
findings are in line with our results since the PTA analysis reported here showed better
results with more frequent dosing (three times daily) than with twice-daily doses.

The importance of measuring antimicrobial concentrations at the site of infection
has been the topic of discussion in several studies (24, 34, 35). Our results endorse this
notion. The PK/PD target of a 2-log kill (fT-,c of 34.7%) is reached in 100% of the simu-
lated patients with normal renal function and a bacterial MIC of 2 mg/L when free
plasma concentrations are used. However, PTAs of 60.1% and 77.7% are observed in
muscle and subcutaneous tissues, respectively, for twice-daily dosing since these tis-
sues showed almost half of the exposure observed in plasma (penetration ratios of
0.52 and 0.58, respectively). These findings emphasize that predicting efficacy and
guiding dosing regimen selection based solely on free plasma concentrations could
lead to treatment failures due to efficacy overestimations (36).

Some limitations of the present study are worth mentioning. The simulations based
on the inflamed meningeal state should be interpreted carefully because they were
based on nonobserved scenarios. Despite the awareness of the increased penetration
of drugs through the blood-brain barrier in the presence of inflammation, it is not pos-
sible to confirm that the concentrations simulated in these scenarios will be achieved
in patients. Furthermore, the use of the CSF glucose concentration as a marker for the
diagnosis of CNS infections can be inaccurate, as some patients present this parameter
within the normal range despite a diagnosis of meningitis (37). Some findings indicate
that the CSF/serum glucose ratio appears to be more adequate than the CSF glucose
concentration itself for a more accurate diagnosis (37). For that reason, further studies
must be carried out to confirm the findings in the present study, probably including
patients with meningitis. Besides this, free concentrations in soft tissues were deter-
mined by microdialysis in healthy volunteers. Reports in the literature have shown that
some antimicrobials present different degrees of tissue penetration in the presence of
an active infection (38). Specifically, for cephalosporins, Sauermann and colleagues (39)
have shown that the penetration of cefpirome into the subcutaneous tissue of septic
patients was lower than that in healthy subjects as determined by microdialysis (39).
Pathophysiological changes, both locally and systemically, such as protein binding, pH,
blood flow, or fluid distribution, could lead to differences in the penetration of the
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antimicrobial at the site of action (35). Finally, the PK/PD targets used for the simula-
tions are based on unbound serum concentrations, and they may assume different val-
ues when free tissue concentrations are considered (40). Therefore, it is important to
consider this when extrapolating the soft tissue results in an ongoing active-infection
situation.

In conclusion, we present the results of a popPK analysis of ceftaroline concentra-
tions in plasma, free muscle, subcutaneous tissues, and CSF. The simulations per-
formed showed sufficient coverage of the approved doses in soft tissues, while the
penetration of ceftaroline into the CSF depends on the degree of meningeal inflamma-
tion. The results also indicate that 600 mg of ceftaroline three times a day may be con-
sidered for further evaluation as a candidate to treat CNS infections.

MATERIALS AND METHODS

Data. The popPK model was developed using data from two clinical studies (9, 10). The study design
and methodologies used to quantify ceftaroline concentrations in the collected samples have been
extensively described in those publications (9, 10).

The complete data set, including demographics and individual pharmacokinetic profiles, from the
study by Matzneller et al. was available (10). Briefly, that study involved 12 healthy male volunteers who
were randomly assigned to 2 groups of 6 individuals each. During the study period, the first group
received 600 mg ceftaroline fosamil over a 2-h i.v. infusion with a dosing interval of 8 h (total of 4 doses),
while the second group received 600 mg ceftaroline fosamil over a 1-h i.v. infusion with a dosing interval
of 12 h (total of 3 doses). Rich total plasma and free microdialysis samples from muscle and subcutaneous
tissue were collected at predefined time points after the first and last doses for each dosing regimen.

Data from the study by Chauzy et al. were extracted from the published report (9), where the individual
pharmacokinetic profiles were presented using WebPlotDigitizer v.4.5 software (41). The study by Chauzy et al.
involved nine neurosurgical patients who required the insertion of an EVD, through which CSF samples were
collected. Patients received a single 600-mg dose of ceftaroline fosamil over a 1-h iv. infusion, and samples
from total plasma and free CSF were taken at different time points up to 24 h after the end of the infusion.

Pharmacokinetic analysis. Concentration-time data were analyzed using nonlinear mixed-effects
modeling in NONMEM v.7.4.3 (Icon Development Solutions, USA) (42) with Pirana v.3.0.0 (Certara USA,
Inc., USA) (43) to keep track of run records and results. Perl-speaks-NONMEM (PsN) v.4.9.0 (44) was used
for automating and controlling the runs. R v.4.0.4 and the Xpose4 v.4.7.1 package (45) were used to
guide further model building through data visualization and graphical analysis. The first-order condition
estimation method with interaction and the ADVAN13 subroutine were employed for all model runs.
The data were modeled as log transformed, and plasma concentrations were corrected by 20% plasma
protein binding (20). The fraction of the prodrug converted to active ceftaroline was assumed to be
100%, and the ceftaroline dose was set to 530 mg to take into consideration the differences in molecular
weights between ceftaroline and ceftaroline fosamil (18). Modeling was performed sequentially, with
plasma being modeled first, followed by the insertion of the tissues individually. The microdialysis data
were described by the integral over each collection interval instead of a midpoint approach (46).

Both one- and two-compartment structural models were explored. Interindividual variability was
evaluated using an exponential variability model, and log-transformed additive- and combined-error
models were tested for residual unexplained variability. Model selection was based on the objective
function value (OFV) as well as visual inspection of the standard goodness-of-fit plots (47, 48).

Once the base structural model had been determined, the contributions of covariates to population
parameter variability were assessed by applying a stepwise forward-addition (P < 0.05) and backward-
elimination (P < 0.01) procedure (49). The covariates tested were age, body weight, gender, serum creati-
nine concentrations, creatinine clearance (CL_) estimated by the Cockcroft-Gault equation, patient status
(healthy subjects versus hospitalized patients), and CSF protein and glucose concentrations. Covariates
were implemented in the model using exponential functions centralized by the median observed value.

The final model was internally validated using a prediction-corrected visual predictive check (pcVPC)
and a bootstrap resampling analysis, stratified on the concentration measurement site and study group,
with 1,000 replicates.

Simulations. The final popPK model was used to conduct Monte Carlo simulations to assess ceftaro-
line tissue exposures in the patient population following ceftaroline fosamil doses of 600 mg every 12 h
(g12h) and 600 mg g8h, with doses adjusted to 400 mg for the moderate renal impairment category. A
total of 1,000 patients were simulated in each of the three categories of renal function and meningeal
inflammation status. The simulations were performed using Berkeley Madonna software v.10.2.8 (50).
Renal function categories were defined as follows: normal renal function (80 < CL., = 130 mL/min), mild
renal impairment (50 < CL., = 80 mL/min), and moderate renal impairment (30 < CL, = 50 mL/min)
(20). The meningeal inflammation status was based on the glucose CSF concentration, where the cate-
gories were as follows: normal (3.5 < GLUC.; = 6.5 mmol/L), mildly inflamed (2 < GLUC.; =
3.5 mmol/L), and inflamed (0.5 < GLUCs = 2 mmol/L) (27). The simulated weight included only individ-
uals between 45 and 120 kg. For all simulations, the values of the covariates were assumed to follow a
uniform distribution within the designated range for each category.

The %fT_,, was calculated for the simulated patients in each dosing regimen and group category at
MIC values ranging from 0.06 to 8 mg/L. The PTAs were calculated as the percentages of the 1,000
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simulated patients who met the MRSA PK/PD targets of 26.8% for bacteriostasis, 30.7% for a 1-log,, CFU
reduction, and 34.7% for a 2-log,, CFU reduction (13, 51). These targets were determined based on
unbound serum concentrations. To evaluate which dose provided better coverage for susceptibility pro-
files of MRSA isolates encountered in clinical practice, PTAs were compared with ceftaroline MIC fre-
quency distributions reported on the EUCAST MIC distribution website (https://mic.eucast.org/).

Data availability. The raw data analyzed during the current study are available from the authors
upon reasonable request.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 5.7 MB.
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