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Abstract
Community-acquired pneumonia (CAP)/community-acquired bacterial pneumonia (CABP) and complicated skin and soft 
tissue infection (cSSTI)/acute bacterial skin and skin structure infection (ABSSSI) represent major causes of morbidity 
and mortality in children. β-Lactams are the cornerstone of antibiotic treatment for many serious bacterial infections in 
children; however, most of these agents have no activity against methicillin-resistant Staphylococcus aureus (MRSA). 
Ceftaroline fosamil, a β-lactam with broad-spectrum in vitro activity against Gram-positive pathogens (including MRSA 
and multidrug-resistant Streptococcus pneumoniae) and common Gram-negative organisms, is approved in the European 
Union and the United States for children with CAP/CABP or cSSTI/ABSSSI. Ceftaroline fosamil has completed a pediatric 
investigation plan including safety, efficacy, and pharmacokinetic evaluations in patients with ages ranging from birth to 17 
years. It has demonstrated similar clinical and microbiological efficacy to best available existing treatments in phase III–IV 
trials in patients aged ≥ 2 months to < 18 years with CABP or ABSSSI, with a safety profile consistent with the cephalo-
sporin class. It is also approved in the European Union for neonates with CAP or cSSTI, and in the US for neonates with 
ABSSSI. Ceftaroline fosamil dosing for children (including renal function adjustments) is supported by pharmacokinetic/
pharmacodynamic modeling and simulations in appropriate age groups, and includes the option of 5- to 60-min intravenous 
infusions for standard doses, and a high dose for cSSTI patients with MRSA isolates, with a ceftaroline minimum inhibitory 
concentration of 2–4 mg/L. Considered together, these data suggest ceftaroline fosamil may be beneficial in the management 
of CAP/CABP and cSSTI/ABSSSI in children.
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1  Introduction

Bacterial infection remains a major cause of morbidity 
and mortality in children [1]. Currently, β-lactams are the 
cornerstone of antibiotic treatment for many serious bac-
terial infections in both adults and children; however, the 
majority of these agents have no activity against methicillin-
resistant Staphylococcus aureus (MRSA) [2]. Vancomycin 
is currently recommended as first-line therapy for treatment 
of MRSA infections in children [3]. However, increasing 

reports of vancomycin failures in both adult and pediatric 
patients, and the emergence of reduced-vancomycin-suscep-
tibility phenotypes, together with the requirement for addi-
tional safety measures, have led to increased use of newer 
agents for the treatment of MRSA infections [3–5]. Other 
antibiotics traditionally used where MRSA is suspected/
confirmed are not universally approved for use in children.

The cephalosporin ceftaroline fosamil is a β-lactam 
with in vitro activity against Gram-positive pathogens, 
including MRSA and multidrug-resistant Streptococ-
cus pneumoniae, and common (non-extended-spectrum 
β-lactamase-producing) Gram-negative organisms (exclud-
ing Pseudomonas aeruginosa) [6–8]. Ceftaroline fosamil 
was initially approved in the European Union and the United 
States (US) for the treatment of adults with complicated skin 
and soft tissue infection (cSSTI)/acute bacterial skin and 
skin structure infection (ABSSSI) and community-acquired 
pneumonia (CAP)/community-acquired bacterial pneumonia 
(CABP) (of S. aureus infections, only methicillin-suscep-
tible [MSSA] were included) [7, 8]. These approvals were 
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Key Points 

Ceftaroline fosamil has broad-spectrum in vitro activity 
against Gram-positive pathogens (including methicillin-
resistant Staphylococcus aureus [MRSA] and multidrug-
resistant Streptococcus pneumoniae) and common 
Gram-negative organisms, and is approved in Europe 
and the US for children with complicated skin and soft 
tissue infection (cSSTI) or community-acquired pneumo-
nia (CAP).

Ceftaroline fosamil pediatric dosing is supported by 
pharmacokinetic modeling in relevant age groups, and 
includes the option of 5- to 60-min intravenous infusions 
for standard doses, and a high dose for cSSTI patients 
with MRSA isolates, with a ceftaroline minimum inhibi-
tory concentration of 2–4 mg/L.

Ceftaroline fosamil has demonstrated similar clinical and 
microbiological efficacy to best available existing treat-
ments in children in phase II/III–IV trials, with a safety 
profile consistent with the cephalosporin class; consid-
ered together, the available data indicate that ceftaroline 
fosamil may have a beneficial role to play in the manage-
ment of CAP and cSSTI in children.

Approximately 2 per 1000 children are hospitalized for CAP 
each year [11]. In the US, the annual incidence of CAP is 
approximately 15.7 per 10,000 children, with the highest 
rates among children aged less than 2 years (~ 62.2 per 
10,000 children) [12]. CAP represents the leading global 
cause of mortality in children aged less than 5 years [13, 14], 
and in 2015, approximately 920,000 children of all ages died 
due to CAP worldwide [13].

A large multicenter study in the US found that of pediat-
ric patients hospitalized with radiological pneumonia, only 
15% had detectable bacteria versus 73% with viral patho-
gens [12]. The low prevalence of bacterial pneumonia was 
considered likely to be a reflection of the effectiveness of 
bacterial conjugate vaccines, as well as relatively insensi-
tive diagnostic methods [12], which remain suboptimal in 
comparison with the highly sensitive molecular diagnostics 
developed for viral pathogens [12, 15].

Streptococcus pneumoniae is the most common bacte-
rial cause of CAP in adults [16]. The bacterial etiology of 
CAP in pediatric patients shows some variation from that of 
adults and can vary according to age group. Group B Strep-
tococcus and Gram-negative enteric bacteria are the most 
common pathogens in neonates and are typically acquired 
through vertical transmission from the mother during birth 
[17]. S. pneumoniae is the most common bacterial cause 
of CAP after the neonatal period [17]. Other important 
bacterial causes of CAP in children aged less than 5 years 
include Haemophilus influenzae, Streptococcus pyogenes, 
S. aureus, and Moraxella catarrhalis. In children aged ≥ 5 
years, atypical pathogens (Mycoplasma pneumoniae and 
Chlamydophila pneumoniae) also contribute to development 
of CAP [18]. Furthermore, some differences in the etiology 
and pathophysiology of CAP may exist in pediatric patients 
aged less than 2 months [19].

There has been an emergence of penicillin-resistant S. 
pneumoniae (PNRP) over the past 3 decades. S. pneumoniae 
strains with reduced penicillin susceptibility also exhibit 
decreased susceptibility to the majority of other β-lactams 
[20]. With the success of PCV7, PCV10, and PCV13 vac-
cination in decreasing invasive pneumococcal infection, 
there has been a reduction in penicillin resistance in circu-
lating pneumococcal strains [21, 22]. However, treatment 
challenges still exist in geographic regions where the local 
epidemiology of invasive pneumococcal strains documents 
high-level penicillin resistance, or in the case of inadequate 
immunization [21]. Guidelines currently advocate higher 
dosages of β-lactams for the treatment of PNRP where there 
is no widespread failure of antimicrobial treatment, with 
dosages similar to those used for the treatment of meningi-
tis in regions with substantial high-level penicillin resistance 
(minimum inhibitory concentration [MIC] > 8 mg/L) among 
invasive strains [21, 23].

subsequently extended, based on the completion of addi-
tional pediatric studies agreed on as part of the European 
pediatric investigation plan (PIP) and in line with US Pedi-
atric Research Equity Act (PREA) requirements, to include 
pediatric patients aged ≥ 2 months and, more recently, neo-
nates (with ABSSSI only in the US) [7, 8]. European labe-
ling has recently been further extended to include high-dose 
recommendations for pediatric patients aged ≥ 2 months to 
< 18 years with cSSTI [8].

This narrative literature review will explore the epidemi-
ology and current treatment modalities for cSSTI/ABSSSI 
and CAP/CABP in hospitalized pediatric patients, exam-
ine the microbiological activity, clinical pharmacology, 
and clinical development of ceftaroline fosamil in pediatric 
patients, and discuss the potential place in therapy for cef-
taroline fosamil in the treatment of children with cSSTI/
ABSSSI or CAP/CABP.

2 � Epidemiology and Current Treatment 
Patterns of Pediatric CAP/CABP

In European countries, the annual incidence of CAP is 
approximately 14.4 per 10,000 in children aged over 5 years 
and 33.8 per 10,000 in those under 5 years of age [9, 10]. 
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British Thoracic Society guidelines recommend that all 
children with a clear diagnosis of pneumonia be treated 
with antibiotics, as viral and bacterial pneumonia cannot 
reliably be distinguished from each other [23]. However, 
guidelines by the Infectious Diseases Society of America 
suggest antimicrobial therapy may not be routinely required 
for preschool-aged children with CAP, as viral pathogens are 
considered to be responsible for the majority of CAP cases 
in this age group [21]. Antimicrobial therapy for children 
with CAP is generally initiated empirically [21, 23], and 
the selected regimen needs to provide activity against the 
most likely causative pathogens, without excessively broad 
antimicrobial coverage (to limit antimicrobial resistance 
development). Therapy should be de-escalated or rational-
ized whenever possible based on diagnostic culture/suscep-
tibility data. Current treatment options include ceftriaxone, 
ampicillin, or amoxicillin [21, 23]. Given the treatment 
challenges of pediatric bacterial CAP, including in cases of 
documented penicillin- or ceftriaxone-resistant S. pneumo-
niae strains, and polymicrobial infections, there remains a 
need for alternative potential treatment options, with cover-
age against the range of potential causative pathogens [24].

3 � Epidemiology and Current Treatment 
Patterns of Pediatric cSSTI/ABSSSI

cSSTI/ABSSSI encompasses a broad range of non-necrotiz-
ing infections, including impetigo, erysipelas, cellulitis, 
major cutaneous abscesses, and surgical site and burn 
infections, as well as necrotizing infections, such as pyo-
myositis, necrotizing fasciitis, clostridial myonecrosis, and 
Fournier’s gangrene [25]. The US Food and Drug Admin-
istration (FDA) definition of ABSSSI includes a minimum 
lesion size of approximately 75 cm2 [26].

In the US, hospital admissions for skin and soft tissue 
infection increased by 29% between 2000 and 2004, and 
were the most rapidly increasing cause of hospitalizations 
between 1997 and 2007 across patients of all ages [27]. A 
similar trend was observed among pediatric patients between 
2000 and 2010 [28]. Hospital admissions for pediatric 
patients with ABSSSI have similarly become more frequent 
in recent years [29].

Similar to adults, common etiological bacterial pathogens 
in cSSTI among all pediatric age groups are S. pyogenes 
and S. aureus (including MRSA), and these infections are 
most often caused by localized opportunistic invasion [30, 
31]. Less common causes include other Streptococcus spp., 
Enterococcus faecalis, and Gram-negative bacteria.

Treatment guidelines for cSSTI vary depending on the site 
and severity of the infection [32, 33], but typically involve a 
combination of surgical debridement, empirical and/or tar-
geted antibiotic therapy, and physiological supportive care 

[34, 35]. For cSSTI with suspected/confirmed MRSA, treat-
ment options include vancomycin, clindamycin, daptomycin, 
tigecycline, and linezolid; however, age restrictions limit the 
approved use of some of these agents in pediatric patients 
(Supplementary Table S1, see electronic supplementary 
material [ESM]). Additionally, vancomycin requires thera-
peutic drug monitoring of trough serum concentrations to 
avoid potential nephrotoxicity. Furthermore, there have 
been increasing reports of vancomycin treatment failures in 
patients with MRSA infections, attributed in part to rising 
MICs [36, 37], with treatment failure rates of between 30% 
and 50% reported for children with MRSA bacteremia [4, 5].

Given the limitations of currently available treatments, 
there is a need for alternative treatment options with activ-
ity against key causative cSSTI pathogens, together with a 
low potential for development of resistance, and a favorable 
safety profile.

4 � Mode of Action and In Vitro Activity 
of Ceftaroline Fosamil

The phosphono prodrug ceftaroline fosamil is rapidly con-
verted into the active metabolite, ceftaroline, following 
intravenous (IV) administration [38]. Bacterial resistance 
mechanisms are predominantly the result of mutations of 
penicillin-binding proteins (PBPs). As with other β-lactams, 
the rapid bactericidal effect of ceftaroline is a result of its non-
covalent interaction with the transpeptidase domain of key 
PBPs [39–41]. However, ceftaroline exhibits a greater binding 
affinity for PBPs in key resistant pathogens, including MRSA 
(PBP2A) and penicillin-resistant S. pneumoniaie (PBP2X), 
in comparison to most other cephalosporins and β-lactams 
due to its 3′ 1,3-thiazole ring [39, 40, 42]. Ceftaroline is also 
active against most species of Enterobacterales but, like other 
cephalosporins, has limited activity against isolates produc-
ing extended-spectrum β-lactamases from the TEM, SHV, 
or CTX-M families, serine carbapenemases (such as Kleb-
siella pneumoniae carbapenemase [KPC]), class B metallo-β-
lactamases, or class C (AmpC) cephalosporinases [8].

Ceftaroline has demonstrated potent in vitro activity 
against bacterial isolates causing bloodstream infections in 
children; Table 1 shows the in vitro activity of several antibi-
otics against a range of isolates from pediatric patients aged 
0–18 years worldwide from the Antimicrobial Testing Lead-
ership And Surveillance (ATLAS) database [43]. Of 8006 S. 
aureus isolates tested, 98.1% were susceptible to ceftaroline 
(MIC90, 1 mg/L), including 95.9% of 3767 MRSA isolates 
(MIC90, 1 mg/L), based on both European Committee on 
Antimicrobial Susceptibility Testing (EUCAST) and Clini-
cal and Laboratory Standards Institute (CLSI) breakpoints. 
The high PBP-binding affinity of ceftaroline is thought to be 
responsible for the observed low MICs [8, 41].
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The clinical efficacy of ceftaroline has not been estab-
lished against anaerobic microorganisms, although studies 
suggest ceftaroline has good in vitro activity against most 
Gram-positive anaerobes [8, 44]. However, as these patho-
gens can be treated with other antibiotics, if they are identi-
fied as the sole pathogen in a given infection, then ceftaro-
line would likely be de-escalated to alternative antibiotic 
therapy.

5 � Ceftaroline Fosamil Pediatric Clinical Trials

Ceftaroline fosamil has undergone extensive clinical evalu-
ation in pediatric patients (Table 2), including single-dose 
pharmacokinetic (PK) studies and multiple-dose safety and 
efficacy studies in children from birth to less than 18 years 
of age. It should be noted that safety was the primary end-
point for the clinical studies, and they were not powered for 
comparative inferential efficacy analysis.

Across three phase II/III–IV trials in patients aged ≥ 2 
months to less than 18 years with CABP, complicated 
CABP, or ABSSSI, ceftaroline fosamil demonstrated gen-
erally similar clinical efficacy to standard comparator treat-
ments (Table 2). In the CABP trial, clinical cure rates at test 
of cure (TOC) were 87.9% (94/107) for ceftaroline fosamil 
and 88.9% (32/36) for ceftriaxone [45]. Respective clinical 
cure rates in the complicated CABP trial were 89.7% (26/29) 
and 100% (9/9) [46]. In the ABSSSI trial, the clinical cure 
rate at TOC was 94.4% (101/107) for ceftaroline fosamil and 
86.5% (45/52) for the comparator (vancomycin or cefazolin, 
with or without aztreonam) [47].

Patients with MRSA infection were excluded from the 
CABP trial, due to the inactivity of ceftriaxone against 
MRSA. There was one patient with MRSA infection 
included in the complicated CABP trial; this patient was 
randomized to ceftaroline fosamil, and achieved clini-
cal cure at TOC. In the ABSSSI trial, 94.4% of patients 
(101/107) with MRSA infection in the ceftaroline fosamil 
group were clinical cures at TOC, versus 86.5% (45/52) in 
the comparator group. Not all these investigational trials 
used the approved pediatric ceftaroline fosamil doses, and 
they excluded critically ill patients and those with underly-
ing immune dysfunction (Table 2). However, no new safety 
concerns were identified in any of the trials, and patterns of 
treatment-emergent adverse events were generally similar to 
those reported in a pooled analysis of six ceftaroline fosamil 
phase III trials in adults [48]. A meta-analysis of the three 
phase II/III–IV pediatric trials concluded that ceftaroline 
fosamil demonstrated efficacy and safety that was as good 
as the comparator treatments [49]. However, given the small 
numbers of children with MRSA infections included in the 
trials, further studies are warranted to fully assess efficacy 
in this patient population.

Finally, in a phase II, open-label, non-comparative trial 
in neonates and very young infants (7–60 days old) with 
late-onset sepsis, the safety and tolerability of ceftaroline 
fosamil was consistent with the known ceftaroline fosamil 
safety profile, with no new safety concerns identified in this 
patient population [50]. Clinical cure rate at TOC was 50.0% 
(4/8), with four out of eight patients classified as having 
‘indeterminate’ clinical response, i.e., they were improving 
clinically to the extent that hospital discharge was possible 
and were continued on non-study antibiotic therapy to com-
plete a treatment course for documented late-onset sepsis. 
No patient was classified as a clinical failure.

6 � Ceftaroline Fosamil Dosing 
and Breakpoints

6.1 � Pharmacokinetic/Pharmacodynamic Targets

For ceftaroline, in line with other β-lactam antibiotics, the 
percentage of time that free drug concentrations are above 
the bacteria MIC during a dosing interval (fT > MIC) has 
been shown to be the PK/pharmacodynamic (PD) index 
associated with efficacy [51]. In murine thigh and lung infec-
tion models, median values of 36% and 44% fT > MIC were 
associated with 1-log kill of S. aureus and S. pneumoniae, 
respectively [51]. Population PK analyses using these non-
clinical PK/PD targets were previously used to determine the 
probability of target attainment (PTA) (results for the 36% 
target are shown in Table 3), with these analyses supporting 
the initial pediatric approvals for ceftaroline fosamil [52]. 
The target of 36% for 1-log10 colony-forming unit (cfu)/mL 
bacterial reduction for S. aureus was derived from a single 
in vivo study using S. aureus isolates with ceftaroline MICs 
of 0.12–1 mg/L. However, a subsequent analysis of in vitro 
and in vivo data with S. aureus isolates encompassing a 
greater range of MICs reported PK/PD targets of 27% for 
stasis, 31% for 1-log10 cfu/mL bacterial reduction, and 35% 
for 2-log10 reduction [53–55]. Therefore, the PTA analyses 
using 36% fT > MIC can be considered to be based on a 
robust PK/PD target.

Since it can be challenging to conduct large-scale effi-
cacy trials in pediatric populations, extrapolation approaches 
combining observed PK and safety data in children with 
adult efficacy and safety data and population PK modeling/
simulation and PTA analysis are accepted techniques to sup-
port antibiotic dose selection and approval in pediatric drug 
development [56–59]. Using the updated PK/PD targets 
described above, population PK modeling and simulations 
have shown that standard ceftaroline fosamil adult and pedi-
atric doses provide high (> 90%) PTA across all age groups 
against target pathogens at their respective EUCAST and 
CLSI susceptible MIC breakpoints [53, 60].
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Comparative population PK modeling and PTA analyses 
based on adult PK data have shown that ceftaroline fosamil 
achieves superior PK target attainment and PTA against S. 
aureus (at their respective susceptible MIC breakpoints) 
compared to vancomycin, daptomycin, linezolid, and cef-
triaxone in patients with cSSTI [61] and versus ceftriax-
one and levofloxacin against S. aureus, S. pneumoniae and 
H. influenzae in patients with CAP, even for higher than 
recommended doses for some of these agents [62]. Given 
that for acute bacterial infections, the pathogens, disease 
processes, and drug responses are largely the same in adults 
and pediatric populations, it is reasonable to expect that the 
above findings would also be applicable to pediatric patients 
[59, 63, 64].

6.2 � Pediatric Dosing

The addition of pediatric dosing recommendations in the 
European and US labels was based on completion of the 
PIP and fulfillment of PREA requirements, which included 
clinical trials in relevant pediatric indications and population 
PK analyses [60, 65]. In the case of the European label, the 
pediatric population PK analyses used the PK/PD targets 
described by Das et al. [53], with these analyses demonstrat-
ing drug exposures and PTA in pediatric patients equivalent 
to adults with normal renal function receiving standard and 
high ceftaroline fosamil doses.

Owing to various divergences in the respective regulatory 
review processes, there are several noteworthy differences 
between the approved European and US pediatric ceftaro-
line fosamil dosing regimens (Supplementary Table S2, see 
ESM).

The European label includes standard dose recommenda-
tions for neonates with CAP or cSSTI (with dosing at 6 mg/
kg every 8 h by 60-min infusion). However, FDA guidance 
states that, owing to differences in the etiology and patho-
physiology of CABP in pediatric patients aged less than 2 
months, efficacy findings from adult and pediatric patients 
more than 2 months of age cannot be extrapolated to infants 
less than 2 months of age [19]. Therefore, in the US, only 
neonates with ABSSSI are included in the US label (6 mg/kg 
every 8 h by 30- to 60-min infusion). Furthermore, while the 
neonatal age range in the European label is birth to less than 
2 months, in the US label, only patients with a gestational 
age of 34 weeks and older and a postnatal age of 12 days and 
older are included, based on the age of the patients enrolled 
in the pediatric clinical studies.

While the majority of S. aureus clinical isolates have 
a ceftaroline MIC of ≤ 1 mg/L, surveillance studies have 
identified rare MRSA isolates with MICs of 2 or 4 mg/L in 
various regions [53]. In Europe, adult and pediatric high-
dose regimens with longer 2-h IV infusions are approved 
for patients age ≥ 2 months with cSSTI caused by rare S. Ta
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aureus isolates with ceftaroline fosamil MICs of 2–4 mg/L 
[8], although ceftaroline fosamil standard dose regimens are 
appropriate for most patients. In contrast to some countries 
in Europe and other parts of the world, the MIC90 for cef-
taroline fosamil against MRSA has remained consistently 
at 1 mg/L in the US since the initial approval for adults in 
2010; as such, no high-dose recommendations are currently 
included in the US label [7]. In addition, the European label, 
but not the US label, includes recommended ceftaroline fos-
amil dose adjustments for pediatric patients with impaired 
renal function (estimated creatinine clearance [CrCL] ≤ 50 
mL/min) [7, 8].

Both EUCAST and CLSI have defined the susceptible 
MIC breakpoint for standard doses of ceftaroline fosamil 
against S. aureus as ≤ 1 mg/L [66, 67]. Resistance is defined 
by EUCAST as MIC > 1 mg/L for standard doses and > 2 
mg/L for high-dose regimens. Following recently updated 
CLSI breakpoint definitions, S. aureus isolates with cef-
taroline MICs of 2–4 mg/L fall into the susceptible dose-
dependent category, with resistance defined as MIC ≥ 8 
mg/L [67]. EUCAST and CLSI susceptible MIC breakpoints 
for ceftaroline fosamil against S. pneumoniae are 0.25 mg/L 
and 0.5 mg/L, respectively [66, 67].

6.3 � Ceftaroline Fosamil 5‑min IV Infusions

A population PK model was used to predict ceftaroline 
exposure metrics and conduct PTA simulations following 
ceftaroline fosamil IV infusion durations of 5 or 60 min 
for patients across a range of age and renal function groups 
[52, 60]. Ceftaroline fosamil standard doses (Supplementary 
Table S2, see ESM) administered by 5-min and 60-min IV 
infusions achieved similar PTA (≥ 99%) against S. aureus 
and S. pneumoniae at their respective PK/PD targets at 
EUCAST/CLSI MIC susceptibility breakpoints in all simu-
lated age groups [60]. These analyses supported the inclu-
sion in European and US labeling of variable infusion times 
of 5–60 min for standard ceftaroline fosamil doses in adults 
and children aged ≥ 2 months [7, 8].

6.4 � Dosage Adjustments for Renal Impairment

Population PK analyses were used to estimate ceftaro-
line exposures and PK/PD target attainment for pediatric 
patients with various degrees of renal impairment (none, 
mild, moderate, and severe) in support of the inclusion of 
pediatric patients aged ≥ 2 years in the European label [68]. 
The approved ceftaroline fosamil dosage regimens in chil-
dren aged 2–12 years and less than 33 kg (8 mg/kg every 
8 h for moderate renal impairment and 6 mg/kg for severe 
impairment) achieved fT > MIC values at least equiva-
lent to, or higher than, adults with normal renal function 
receiving standard-dose ceftaroline fosamil 600 mg every 

12 h. Predicted exposures (maximum plasma concentration 
[Cmax] and area under the curve [AUC]) in pediatric patients 
with moderate or severe renal impairment were similar to 
those in children with normal renal function or mild renal 
impairment receiving the respective dose regimens for nor-
mal renal function. Exposure metrics did not exceed those 
in adults receiving high-dose ceftaroline fosamil 600 mg 
every 8 h. For adolescents aged 12–18 years and greater 
than 33 kg, the adult-equivalent regimens (400 mg and 300 
mg every 12 h, for moderate and severe renal impairment, 
respectively) were approved based on simulated exposures 
and fT > MIC values.

In the US, no ceftaroline fosamil dosage recommenda-
tions are currently available for pediatric patients of any age 
with moderate or severe renal impairment or end-stage renal 
disease (CrCL ≤ 50 mL/min) [7]. In Europe, there are cur-
rently no approved ceftaroline fosamil dosage recommen-
dations for patients aged less than 2 years with moderate 
or severe renal impairment or end-stage renal disease [8]. 
Additional studies in pediatric patients with renal disease 
are therefore warranted.

6.5 � High‑Dose Efficacy/Safety Extrapolation

Ceftaroline fosamil high-dose recommendations for pediat-
ric patients aged 2 months to less than 18 years were recently 
added to European labeling, for rare cases of cSSTI where 
S. aureus with ceftaroline MICs of 2–4 mg/L are suspected/
confirmed (Table 2). These dose recommendations were 
based on additional population PK modeling and exposure 
and PTA simulations, and exposure-matching to adults and 
other pediatric indications for extrapolation of efficacy and 
safety [65]. A combined population PK model for ceftaro-
line fosamil and ceftaroline, which included data from 1248 
participants (pediatric, n = 304; adult, n = 944), was used 
in the place of a previously planned clinical trial to assess 
the efficacy and safety of high-dose ceftaroline fosamil regi-
mens in pediatric patients with cSSTI. For extrapolation of 
efficacy, the approved pediatric high-dose regimens (includ-
ing adjustments for moderate or severe renal impairment 
in patients ≥ 2 years old) achieved similar exposures and 
PTA to ceftaroline fosamil 600 mg every 8 h, 2-h IV infu-
sions, in adult cSSTI patients with normal renal function in 
a phase III adult high-dose trial (COVERS), and these doses 
can therefore be expected to exhibit comparable efficacy to 
the adult high-dose regimens [65, 69]. For extrapolation 
of safety, PK exposure predictions for simulated pediatric 
patients with cSSTI receiving high-dose regimens were 
compared with observed age-matched data from two clinical 
trials of pediatric patients with CABP and ABSSSI, and with 
data from the adult high-dose COVERS study [46, 65, 69]. 
Median predicted ceftaroline maximum steady-state plasma 
drug concentrations (Cmax,ss) for the approved pediatric high 
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doses were below the highest concentrations observed in 
the pediatric CABP and ABSSSI trials, one of which used 
high doses of ceftaroline fosamil intended to match the 
600 mg every 8 h adult regimen [46, 65]. As there were no 
adverse events associated with these exposures, safety of the 
approved ceftaroline fosamil pediatric high-dose regimens 
can be expected to be in line with observed data from the 
pediatric clinical trials [65].

7 � Future Perspectives

Currently, there are no prospective clinical trial data on cef-
taroline fosamil for the treatment of MRSA CAP, as such 
patients were excluded from the pivotal adult trials [70, 71]. 
In vitro and non-clinical data, including lung tissue (epithe-
lial lining fluid) penetration data, together with observational 
and retrospective real-world studies, including the CAP-
TURE multicenter registry study, suggest that ceftaroline 
fosamil may have a potential role in the treatment of MRSA 
CAP [72–77]; however, additional, studies are warranted to 
fully assess efficacy in this patient population. Further real-
world evidence/observational studies of ceftaroline fosamil, 
including for treatment of MRSA bacteremia, are currently 
ongoing.

To date, the clinical utility of ceftaroline fosamil in the 
treatment of central nervous system (CNS) infections has 
been limited due to a lack of documentation of human cer-
ebrospinal fluid (CSF) penetration and associated questions 
surrounding optimal dosing, and the severity of illness in 
this patient population. However, the spectrum and potency 
of ceftaroline fosamil and its likely CSF penetration into 
inflamed meninges [78, 79], together with a number of case 
reports and small case series describing its successful use in 
patients with CNS infections, including MRSA meningitis 
[80–84], suggest that it may have the potential to be effective 
in this context. Additionally, currently, there are limited data 
on the use of ceftaroline fosamil in children with chronic 
medical conditions, such as cystic fibrosis. S. aureus is the 
most commonly isolated organism in the early course of 
cystic fibrosis, while in the later stages of disease, a more 
mixed flora including P. aeruginosa, other Gram-negative 
pathogens, and S. aureus (including MRSA) is commonly 
encountered [85]. Although ceftaroline fosamil does not 
have documented activity against P. aeruginosa, a small 
number of clinical and PK studies suggest it may represent 
an effective treatment option in pediatric patients with cystic 
fibrosis [86–89]. However, there is some evidence of altered 
PK in patients with cystic fibrosis [87–89], and further stud-
ies are needed to guide optimal ceftaroline fosamil dosing in 
these patients. PK studies in children with CNS infections 
and chronic conditions, including cystic fibrosis, are ongo-
ing [90–92]. Ta
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8 � Conclusions

CAP/CABP and cSSTI/ABSSSI in pediatric patients each 
continue to represent a significant burden on healthcare sys-
tems and are associated with excess morbidity and mortality. 
Ceftaroline, a β-lactam with broad-spectrum in vitro activity 
against Gram-positive pathogens (including MRSA and mul-
tidrug-resistant S. pneumoniae) and common Gram-negative 
organisms, is approved in Europe for children of all ages 
with cSSTI or CAP, and in the US for patients with ABSSSI 
of gestational age ≥ 34 weeks and postnatal age ≥ 12 days, 
and for patients with CABP ≥ 2 months old.

Ceftaroline fosamil offers several potential advantages over 
conventional antimicrobial therapies for moderate-to-severe 
CAP/CABP and cSSTI/ABSSSI in hospitalized pediatric 
patients, including excellent in vitro coverage against target 
pathogens, including S. aureus, S. pneumoniae, β-hemolytic 
streptococci, and H. influenzae, with rapid bactericidal activ-
ity; although, as with all antibiotics, there remains a need for 
ongoing surveillance of resistance to monitor changes in sus-
ceptibility patterns, and ceftaroline fosamil should be used in 
accordance with the principles of antimicrobial stewardship. 
However, the relatively low potential for development of resist-
ance and favorable safety profile are positive attributes of cef-
taroline in this respect. Additionally, there is a lack of activity 
against Pseudomonas and Acinetobacter species, which, while 
not providing a guarantee of absence of selection of resistant 
pathogens, is a generally positive characteristic in respect to 
antimicrobial stewardship [41]. Ceftaroline fosamil also pro-
vides dosing optimized for high PK/PD target attainment, with 
the option of flexible 5- to 60-min variable infusion durations 
for standard doses. There is extensive adult and pediatric clini-
cal trial experience with ceftaroline fosamil, including safety 
and PK/PD evaluations of high-dose regimens for rare high-
MIC pathogens. Additionally, of note, following completion of 
the PIP, the approved pediatric indications and recommended 
dosages of ceftaroline fosamil are based on adequate pediatric 
studies, with dosing recommendations supported by PK/PD 
modeling and simulations in appropriate age groups.

In summary, the currently available data suggest a role 
for ceftaroline fosamil in the management of CAP/CABP 
and cSSTI/ABSSSI in children. Data from ongoing and 
future observation and real-world studies will allow contin-
ued assessment of the effectiveness and safety of ceftaroline 
fosamil in pediatric patients.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s40272-​021-​00468-w.
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