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Abstract

Background: Staphylococcal bloodstream infections (BSIs) and infective endocarditis (IE)
are associated with high morbidity and mortality. Among the different antimicrobial combi-
nation strategies proposed to enhance antibacterial activity, the association of daptomycin
and ceftobiprole may be valuable. The aim of this study was to assess the PK/PD tar-
get attainment, safety, and clinical outcomes of such combination therapy for BSI and IE
treatment. Methods: This retrospective monocentric study included adult patients with
targeted treatment of staphylococcal BSI or IE with daptomycin plus continuous infusion
(CI) ceftobiprole. Therapeutic drug monitoring (TDM) was performed for both agents,
including Bayesian estimation of daptomycin 24 h area under the concentration–time curve
(AUC24h). PK/PD targets were defined as daptomycin AUC24h/MIC ≥ 666 and ≥1081,
and ceftobiprole steady-state concentration/MIC ≥ 4. Dose adjustments, safety, microbi-
ological response, and clinical outcomes were assessed. Results: Twenty-three patients
(11 BSI and 12 IE) were included. Methicillin-resistant Staphylococci were identified in
91.3% of cases. At first TDM assessment, daptomycin PK/PD targets were achieved in all
patients, while ceftobiprole targets were achieved in 91.6% of BSI cases and in all IE cases.
PK-/PD-guided dose de-escalation was frequently feasible. Clinical cure was observed
in 77.8% of evaluable patients with BSI and in 91.7% with IE. Creatine phosphokinase
elevations occurred in two patients, while hyper-eosinophilia was observed in 69.6% and
was manageable with monitoring. Conclusions: Targeted therapy with daptomycin plus CI
ceftobiprole achieved high PK/PD target attainment and favorable clinical outcomes in
staphylococcal BSI and IE. TDM and model-informed precision dosing may enable dose
optimization and may improve the balance between efficacy and safety. Multicenter studies
are warranted.
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1. Introduction
Staphylococcus aureus bacteremia is a major cause of morbidity and mortality world-

wide, accounting for approximately 20–30% of all bloodstream infections (BSIs) in high-
income countries [1,2]. Among S. aureus isolates, methicillin-resistant S. aureus (MRSA)
accounts for 25–50% of strains in healthcare-associated settings, depending on different
geographic areas [2,3]. BSIs caused by MRSA are associated with significantly worse out-
comes compared to those caused by methicillin-susceptible strains, particularly among
patients having comorbidities or delayed antimicrobial treatment, with mortality rates
ranging between 20 and 40% [3,4].

Infective endocarditis (IE) is one of the most severe complications of S. aureus BSI,
and may occur in as much as 10–25% of cases [5,6]. Overall, MRSA may account for
approximately 20–35% of S. aureus IE and is associated with high mortality, often reported
between 30 and 50%, especially when left-sided [1,7].

Also, coagulase-negative staphylococci (CoNS) may be major pathogens involved in
healthcare-associated BSI and IE. Among these, Staphylococcus epidermidis may be respon-
sible for approximately 20–30% of healthcare-associated BSI, and 70–80% of the clinical
isolates are methicillin-resistant (MRSE) [8,9]. MRSE is often the etiological agent of pros-
thetic valve endocarditis, accounting for 20–30% of cases, with mortality rates of 15–30%,
largely driven by biofilm formation and device-associated infection [5,9].

Current guidelines recommend vancomycin or daptomycin as first-line choice for
treating MRSA/MRSE BSI with duration of at least 2 weeks in uncomplicated cases or
4–6 weeks in complicated, high-risk, or metastatic infections [10]. Likewise, the 2023 ESC
Guideline recommends the same agents for treating MRSA/MRSE IE, but treatment dura-
tion should be guided by the underlying site of infection, namely 2–6 weeks in native-valve
and ≥6 weeks in prosthetic-valve IE, respectively [11].

In recent years, the use of daptomycin is ever-growing in both of these settings com-
pared to that of vancomycin. This is mainly because the vancomycin exposure needed
for appropriately dealing with strains having borderline susceptibility to vancomycin
(MIC ≥ 1 mg/L) may be associated with a high nephrotoxicity risk. Additionally, although
daptomycin efficacy was shown to be at least comparable to that of vancomycin in several
clinical studies [12,13], it is noteworthy that in two cohort studies of BSI caused by MRSA
strains having borderline susceptibility to vancomycin, daptomycin resulted superior to
vancomycin in both clinical outcome and survival rates [14,15]. Nowadays, the use of a
high dose of daptomycin of 8–10 mg/kg/daily has become current practice both in empir-
ical and targeted treatment, especially for complicated MRSA infections. This approach
is considered effective in minimizing the risk of selecting daptomycin-tolerant or even
resistant strains [16]. However, the use of daptomycin monotherapy for MRSA BSI is
nowadays questioned and debated, especially in patients having persistent bacteremia or
deep-seated/endovascular foci of infection [17]. Despite being standard of care, dapto-
mycin monotherapy is still affected by quite high rates of both mortality (20–30%) [3,4,18]
and microbiologic failure (10–16%) [19].

Interestingly, combining daptomycin with a fifth generation anti-MRSA cephalosporin,
namely ceftobiprole or ceftaroline, might reveal effectiveness in this setting [20]. A phase 3,
double-blind, double-dummy, noninferiority trial, carried out in adults with complicated
S. aureus BSI, showed that ceftobiprole at a dose of 500 mg intravenously every 6 h for
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8 days and every 8 h thereafter was non-inferior to daptomycin at a dose of 6 to 10 mg/kg
daily [21]. Additionally, several in vitro studies showed that daptomycin and ceftobiprole
may act synergically against MRSA [22–24]. This could be due to the fact that ceftobiprole
may increase the bacterial cell-membrane daptomycin binding by decreasing the positive
surface charge. A first retrospective clinical experience carried out among 11 cases receiving
daptomycin plus ceftobiprole as rescue therapy of staphylococcal IE seemed promising [25].
Also, some single cases were reported [26,27]. Increasing evidence supports the use of
continuous infusion as a strategy for maximizing the PK/PD target attainment of beta-
lactams [23,28], some of which also concerned ceftobiprole [24,29].

Based on these assumptions, at our center in January 2024 we started treating cases
of severe documented staphylococcal BSI and/or IE with daptomycin in combination
with CI ceftobiprole [30] guided by therapeutic drug monitoring (TDM). CI is the best
administration mode for maximizing the likelihood of PK/PD target attainment with a
beta-lactam like ceftobiprole under the same daily dose [29].

The aim of this study was to perform a PK/PD analysis of high-dose daptomycin in
combination with CI ceftobiprole in a prospective case series of documented staphylococcal
BSI and/or IE receiving TDM-guided treatment.

2. Results
2.1. Patient Population

Twenty-three patients were included, namely 11 with BSI (11/23, 47.8%) and 12 with
IE (12/23, 52.5%). Demographic and clinical characteristics are summarized in Table 1.

Median (IQR) age was 72 (61–82) years. Fourteen patients (14/23, 60.9%) were male,
and the median (IQR) Charlson Comorbidity Index score was 6 (4–8). Median (IQR)
body weight and estimated glomerular filtration rate (eGFR) were 70 kg (60–81 kg) and
69 mL/min/1.73 m2 (47–87 mL/min/1.73 m2), respectively. Most patients were admitted
to the medical wards (13/23, 56.5%), followed by the intensive care units (7/23, 30.4%).

Table 1. Demographic and clinical characteristics.

Variable BSI
(n = 11)

IE
(n = 12)

Age (years) 72 (63–81) 74 (61–82)
Gender (male) 5 (45) 9 (75)
Weight (kg) 75 (60–84) 68.5 (60–74)
BMI (kg/m2) 27.3 (22.7–29.9) 22.2 (21.7–25.2)
AST (IU/L) 17.0 (14.8–25.5) 23.0 (17.8–32.5)
ALT (IU/L) 15.0 (9.0–24.3) 20.0 (13.3–32.8)
Serum albumin (g/dL) 2.8 (2.7–3.5) 3.1 (2.7–3.5)
Serum creatinine (mg/dL) 0.9 (0.8–1.2) 0.9 (0.8–1.6)
eGFR (mL/min/1.73 m2) 69.0 (61.5–83.8) 70.0 (42.0–92.0)
Charlson Comorbidity Index 6 (5–8) 5 (3–8)
SOFA score at diagnosis 4 (3–6) 2 (1–4)
Septic shock 0 (0.0) 2 (18.2)
Ward of admission

Medicine 6 (54.5) 7 (58.3)
Surgery 0 (0.0) 3 (25.0)
ICU 5 (45.5) 2 (16.7)

Microbiological isolates
MRSA 7 (63.6) 10 (83.4)
MSSA 2 (18.2) 0 (0.0)
MRSE 2 (18.2) 2 (16.6)
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Table 1. Cont.

Variable BSI
(n = 11)

IE
(n = 12)

Pharmacological treatment
Daptomycin dose (mg/kg daily) * 9.1 (8.3–9.5) 6.0 (4.3–9.7)
Daptomycin AUC24h (mgh/L) * 1294.7 (846.5–1386.8) 743.4 (623.0–1002.6)
Ceftobiprole dose (g/daily by CI) * 1000 (750–1500) 1250 (500–1500)
Ceftobiprole Css (mg/L) * 14.4 (8.2–17.1) 10.1 (5.6–15.4)
Duration of combination therapy (days) 13 (4–15) 21 (18–26)
Switch to oral/long-acting therapy 1 (9.1) 6 (50.0)

Clinical outcome
Clinical cure 7/9 (77.8) 11/12 (91.7)
Death for infection 1 (9.1) 1 (8.3)
Relapse of infection 1 (9.1) 0 (0.0)
Dead for other reasons 2 (18.2) 0 (0.0)

ALT, alanine aminotransferase; AUC24h, 24 h-area under the curve; Css, steady-state concentration; AST, aspartate
aminotransferase; BMI, body mass index; BSI, bloodstream infection; eGFR, estimated glomerular filtration rate;
ICU, intensive care unit; IE, infective endocarditis; MRSA, methicillin-resistant Staphylococcus aureus; MRSE,
methicillin-resistant Staphylococcus epidermidis; MSSA, methicillin-susceptible Staphylococcus aureus. Data are
expressed as median (IQR) or as number (%). * data are referring to the whole treatment duration.

Among patients with BSI, the source of infection was primary in 5 cases (5/11, 45.5%),
and secondary in the other 6 [2 cases each of pneumonia (18.2%), central venous catheter-
related infection (18.2%) and deep abscesses (18.2%)]. Among patients with IE, the site of
infection was a prosthetic valve in 8 cases (8/12, 66.7%), and a native valve in the remaining
(4/12, 33.3%). At time of infection diagnosis, 2 patients (2/23, 8.7%) presented with septic
shock. Overall, the median (IQR) SOFA score at diagnosis was 4 (2–6).

MRSA accounted for most of the clinical isolates (17/23, 73.9%), followed by MRSE
(4/23, 17.4%) and MSSA (2/23, 8.7%). Daptomycin MIC value was ≤0.25 mg/L for all of the
clinical isolates, whereas the median (IQR) ceftobiprole MIC was 0.5 mg/L (0.25–0.5 mg/L),
and a maximum value of 1 mg/L was observed for two isolates.

2.2. Pharmacokinetic/Pharmacodynamic Analysis and Safety Considerations

The median (IQR) starting doses of daptomycin administered in the two groups were
quite similar [8.9 (8.3–9.4) mg/kg daily in patients with BSI and 8.8 (6.9–9.9) mg/kg daily
in those with IE]. At first daptomycin TDM assessment, median (min-max) AUC24h was
1202.0 (584.0–1431.0) mg·h/L in patients with BSI and 982.2 (425.0–1808.2) mg·h/L in those
with IE, respectively.

At the beginning of treatment, while receiving standard doses of daptomycin, all of
the patients exceeded, frequently largely, both of the PK/PD targets of daptomycin efficacy
[median (min–max) AUC24h/MIC ≥ 4808 (≥1356–≥5724) in patients with BSI and ≥3928.6
(≥1700–≥7211.2) in patients with IE].

Importantly, at first TDM assessment the daptomycin AUC24h values were above
the potential toxicity threshold of 939 mg·h/L in more than half cases [54.5% of patients
having BSI (6/11) and in 58.3% of those having IE (7/12)]. Consequently, in those patients
undergoing subsequent TDM reassessments [5/11 of those with BSI (45.5%) and 9/12 of
those with IE (75%)], daptomycin doses were reduced in most cases [60% of patients with
BSI (3/5) and in 77.8% (7/9) of those with IE]. After dosing reduction, the median dapto-
mycin AUC24h values did not decrease in patients with BSI because of rapid worsening
of renal function in all cases (1309 vs. 1354 mg·h/L, p = 0.685). Conversely, in patients
with IE the median daptomycin AUC24h declined significantly (1039 vs. 547 mg·h/L,
p = 0.001). The distribution of daptomycin AUC24h at first TDM assessment and after dose
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reduction for those patients having multiple TDM assessment in both groups is reported
in Figure 1.

Figure 1. Box and whisker plot of daptomycin AUC24h (mg·h/L). Panel (A) shows AUC24h distri-
bution at first TDM assessments in patients with BSI (n = 11) vs. patients with IE (n = 12). Panel
(B) shows AUC24h distribution at first TDM assessment vs. after dose reduction in patients with BSI
with multiple TDM assessments and dose reduction (n = 3). Panel (C) shows AUC24h distribution at
first TDM assessment vs. after dose reduction in patients with IE with multiple TDM assessments
and dose reduction (n = 7). The box plot represents the median with 25th–75th percentiles and the
whiskers identify the range of normal data. Whiskers are calculated as 25th percentile − (1.5 × IQR)
or 75th percentile + (1.5 × IQR), where IQR is the interquartile range. Dots are outliers.

Importantly, both of the PK/PD targets of efficacy were still attained in the two groups
[median (min-max) daptomycin AUC24h/MIC ≥5872 (≥3725.2–≥6476.4) in patients with
BSI and ≥2900.2 (≥1784–≥5620) in patients with IE]. The attainment of the PK/PD targets
for daptomycin at first TDM assessment and after dose reduction for those patients having
multiple TDM assessment in both groups is reported in Table 2.

Table 2. Proportion of patients with BSI and IE who attained the PK/PD efficacy targets of daptomycin
(AUC24h/MIC ≥ 666 and AUC24h/MIC ≥ 1081) at first and subsequent TDM assessments.

PK/PD Parameter

BSI IE

First TDM
Assessment (n = 11)

Subsequent TDM
Assessments (n = 5)

First TDM
Assessment (n = 12)

Subsequent TDM
Assessments (n = 9)

AUC24h/MIC ≥ 666 11 (100%) 5 (100%) 12 (100%) 9 (100%)
AUC24h/MIC ≥ 1081 11 (100%) 5 (100%) 12 (100%) 9 (100%)

AUC24h, 24 h-area under the curve; BSI, bloodstream infection; IE, infective endocarditis; MIC, minimum inhibitory
concentration (mg/L).

Likewise, the median (IQR) starting doses of CI ceftobiprole administered in the
two groups were almost equal [1500 (1000–1500) mg/daily in patients with BSI and 1500
(875–1500) mg/daily in those with IE]. At first TDM assessment, median (min–max) cefto-
biprole Css were 15.7 (3.4–27.4) mg/L in patients with BSI and 11.2 (3.1–27.4) mg/L in those
with IE, respectively. The aggressive PK/PD target of efficacy of f Css/MIC of 4–8 was
attained in almost all cases [91.6% of patients having BSI (11/12), median (min–max)
f Css/MIC of 26.9 (2.9–41.8); 100% of those (11/11) having IE, median (min–max) f Css/MIC
was 22.4 (5.2–92.1)].

In the vast majority of patients the f Css/MIC ratio observed was >10 [90.9% of
patients having BSI (10/11) and 83.3% of those having IE (10/12)]. Consequently, in
those patients undergoing subsequent TDM reassessments [7/11 of those with BSI (63.6%)
and 8/12 of those with IE (66.7%)] ceftobiprole doses were reduced in around half cases
[57.1% (4/7) of those with BSI and 62.5% (5/8) of those with IE]. After dosing reduction, the
median ceftobiprole Css values declined significantly in both patients with BSI (from 19.6 to
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5.8 mg/L, p = 0.04) and in those with IE (from 14.5 to 5.8 mg/L, p = 0.05). The distribution
of ceftobiprole Css at first TDM assessment and after dose reduction for those patients
having multiple TDM assessments in both groups is reported in Figure 2.

Figure 2. Box and whisker plot of ceftobiprole Css (mg/L). Panel (A) shows Css distribution at first
TDM assessments in patients with BSI (n = 11) vs. patients with IE (n = 12). Panel (B) shows Css
distribution at first TDM assessment vs. after dose reduction in patients with BSI with multiple TDM
assessments and dose reduction (n = 4). Panel (C) shows Css distribution at first TDM assessment
vs. after dose reduction in patients with IE with multiple TDM assessments and dose reduction
(n = 5). The box plot represents the median with 25th–75th percentiles and the whiskers identify the
range of normal data. Whiskers are calculated as 25th percentile − (1.5 × IQR) or 75th percentile +
(1.5 × IQR), where IQR is the interquartile range. Dots are outliers.

After dosing reduction, the median f Css/MIC ratio values were significantly reduced
in both patients with BSI (from 21.84 to 7.35, p = 0.013) and in those with IE (from 32.1 to
18.8, p = 0.05). Importantly, in all cases the aggressive PK/PD target of efficacy (f Css/MIC
ratio of 4–8) was still attained [median (min–max) ceftobiprole f Css/MIC of 9.2 (5.5–60.1)
in patients with BSI and of 21.4 (4.0–126.3) in those with IE]. The attainment of the PK/PD
targets for ceftobiprole at first TDM assessment and after dose reduction for those patients
having multiple TDM assessment in both groups is reported in Table 3.

Table 3. Proportion of patients with BSI and IE who attained the PK/PD efficacy target of ceftobiprole
(f Css/MIC 4–8) at first and subsequent TDM assessments.

PK/PD Parameter

BSI IE

First TDM
Assessment (n = 11)

Subsequent TDM
Assessments (n = 7)

First TDM
Assessment (n = 12)

Subsequent TDM
Assessments (n = 8)

f Css/MIC 4–8 10 (90.1%) 7 (100%) 12 (100%) 8 (100%)
BSI, bloodstream infection; Css, steady-state plasma concentration (mg/L); IE, infective endocarditis; MIC,
minimum inhibitory concentration (mg/L).

Interestingly, dosing increases were never needed, neither for daptomycin nor
for ceftobiprole.

Overall, the daptomycin–ceftobiprole combination therapy was well-tolerated. Re-
garding daptomycin, elevation of creatine phosphokinase (CPK) was observed in only
2/23 cases (8.7%) (one had CPK at 232 UI/L under a daptomycin AUC24h of 1619.1 mg·h/L;
the other had CPK at 173 UI/L under a daptomycin AUC24h of 1138.0 mg·h/L). In both
cases daptomycin dosage reduction was applied and CPK gradually decreased during
treatment. Unfortunately, hyper-eosinophilia was a quite frequent occurrence [69.6% of
patients (16/23) had at least once detection during treatment (mild in 5/23 patients, mod-
erate in 7/23 patients and severe in 4/23 patients)]. Regarding ceftobiprole, one patient
developed a maculopapular rash likely related to this drug. The adverse event resolved
rapidly after ceftobiprole discontinuation.
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2.3. Assessment of Clinical Outcomes

The distributions of C-reactive protein (C-RP) values at baseline vs. end of treatment
in patients with BSI and IE are depicted in Figures 3A and 3B, respectively. The median
C-RP values significantly decreased at end of treatment vs. baseline both in patients with
BSI (11.9 vs. 7.8 mg/dL, p = 0.028) and in those with IE (15.1 vs. 2.1 mg/dL, p < 0.001).

Figure 3. Box and whisker plot of C-RP concentrations at baseline vs. at end of treatment in patients
with bloodstream infections (A) and endocarditis (B). The box plot represents the median with
25th–75th percentiles and the whiskers identify the range of normal data. Whiskers are calculated as
25th percentile − (1.5 × IQR) or 75th percentile + (1.5 × IQR), where IQR is the interquartile range.
Dots are outliers.

Among patients with IE, cardiosurgery was needed in 33.3% of cases (4/12). Micro-
biological eradication was achieved in all but one patient (in that patient microbiological
failure was due to rapid clinical deterioration related to the IE and he passed away). The
median time to bloodstream bacterial clearance was 6 days from treatment initiation (IQR
3–9). At the end of the 30-day follow-up, 4 patients died, but only two of these due to the
underlying infectious disease (1 with BSI and 1 with IE). One patient with BSI had a relapse
82 days after stopping the treatment, likely due to previous misdiagnosis and inadequate
management. Among the 21 evaluable patients, clinical cure was observed in 77.8% of
patients with BSI (7/9) and in 91.7% of those with IE (11/12).

3. Discussion
This study first performed a PK/PD analysis of high-dose daptomycin in combination

with CI ceftobiprole in a case series of documented staphylococcal BSI and/or IE. Overall,
the findings may provide novel real-world evidence on the high likelihood of PK/PD target
attainment of this strategy for both agents and on the opportunity of applying TDM-guided
dosing reduction as a strategy for improving long-term treatment safety whenever clinical
isolates are very susceptible to both of the agents.

High-dose daptomycin is still burdened by quite high mortality (20–30%) [3,4,18]
and microbiologic failure (10–16%) [19] rates. Persistent bacteremia and mortality re-
main concerns, particularly in complicated infections or when vancomycin MICs are elev-
ated [3,4,15,16]. As far as combination therapy in targeted treatment of staphylococcal BSI
and IE is concerned, the CAMERA-2 trial [14] was the largest randomized clinical trial of
β-lactam combination therapy in this setting. In that study, adding an anti-MSSA β-lactam
(flucloxacillin, cloxacillin, and cefazolin) to standard vancomycin or daptomycin therapy
resulted in more rapid clearance of bacteraemia. However, the potential microbiological
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benefit did not translate into improved composite clinical endpoints, and the trial was
prematurely discontinued because of significantly higher adverse events, particularly acute
kidney injury, in the combination therapy arm [14].

Recently, combining daptomycin with a fifth generation anti-MRSA cephalosporin,
namely ceftobiprole or ceftaroline, was suggested as a potential valuable approach for prop-
erly dealing with MRSA BSI [20]. Interestingly, the findings of a recent pilot randomized
study daptomycin plus ceftaroline showing better clinical cure rates and fewer adverse
events compared to monotherapy with daptomycin or vancomycin could support this
contention [31]. While waiting for the findings of a well-designed randomized clinical trial
providing definitive evidence on this issue [20], our study may act as a proof of concept of
how this combination therapy strategy may perform in the setting of MRSA/MRSE BSI or
IE and could be properly managed by means of a TDM-guided approach.

A key implication of the findings is that PK/PD target attainment was always optimal
with high-dose daptomycin plus CI ceftobiprole. However, it should be highlighted that the
TDM-guided approach allowed to apply relevant dosing reductions without compromising
efficacy whenever documented staphylococcal BSI or IE were caused by very susceptible
clinical isolates to both agents. Surveillance studies consistently showed that the MIC
distribution of MRSA for daptomycin remains low, with MIC90 values ≤ 0.25 mg/L in
several settings [2,8,32]. When MICs are low, maintaining maximal daptomycin dosing
throughout prolonged treatment courses may result in unnecessary overexposure without
incremental microbiological benefit. Moreover, our findings suggest the importance of
model-informed precision dosing (MIPD) in the management of staphylococcal BSI and IE.
In particular, Bayesian estimation of daptomycin AUC provided a more accurate estimation
of drug exposure, thus allowing precise individualization of daptomycin dosing [33].
Specifically, trough concentration showed wide inter-individual variability [34], with the
risk that trough-based strategies may misclassify exposure in a substantial proportion of
patients [35]. By contrast, the use of MIPD for ceftobiprole appears less compelling due
to the fact that its clearance is linearly associated with renal function, thus making drug
pharmacokinetics more predictable.

The safety profile observed in our patients reinforces the value of individualized
dosing strategies. Higher daptomycin exposure has been associated with an increased
probability of CPK elevation [35]. Interestingly, the fact that only two patients had a mild
increase in CPK that recovered after dosing adaptation may suggest that this strategy may
be valuable in improving drug safety [36]. Although some authors suggested that with-
holding one daptomycin dose during treatment may allow patients with asymptomatic,
elevated CPK concentrations to continue therapy with subsequent CPK level normaliza-
tion [37], it is undoubtful that the TDM-guided approach may be more effective in dealing
with this issue. The findings of hyper-eosinophilia were quite common, consistent with
previous reports supporting the need of analyzing eosinophil count when using high dap-
tomycin doses [36]. Previous studies have shown that most cases of daptomycin-associated
eosinophilia are asymptomatic and reversible, although rare cases of eosinophilic pneu-
monia have been described [38,39]. Overall, the present findings highlight the importance
of laboratory surveillance of both CPK and absolute eosinophilic count during prolonged
targeted therapy and suggest that eosinophilia and CPK elevation, while frequent, are often
clinically manageable and do not necessarily preclude continuation of therapy. TDM of
daptomycin may be especially valuable to prevent these toxicity risks, whenever dapto-
mycin AUC24h > 939 mg·h/L is associated with C-RP > 21.6 mg/dL, since in these cases
the risk of severe adverse events, namely eosinophilic pneumoniae and myotoxicity, may
be increased by more than 30-fold and 8-fold, respectively, during long-term treatment [36].
As far as ceftobiprole is concerned, this cephalosporine is generally safe even in settings of
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frail elderly patients [40]. In a recent retrospective observational study conducted among
249 Spanish patients treated with ceftobiprole (alone or in combination with other antimi-
crobials) for pneumonia (55.8%), skin and soft tissue infections (21.7%) and BSI (17.7%),
adverse events were recorded in only 3.6% (9/249) of patients. In this light, reducing
overexposure is not mandatory for preventing toxicity but it could indeed be helpful in
reducing unuseful potentially harmful selective pressure. This could may be particularly
relevant in geographic areas where high resistance rates to ceftobiprole around 15% have
been reported, namely Italy [41] or sub-Saharan Africa [42].

We recognize that our study has some limitations. The monocentric design, the lim-
ited sample size, and the absence of a comparator group may limit the generalizability
of our findings and preclude us from establishing the real advantage of this combination
therapy vs. monotherapy. The high prevalence of hyper-eosinophilia, although being
asymptomatic, may warrant cautious interpretation in terms of long-term safety. Finally,
our dose reduction strategy should be externally validated in clinical context having
different patterns of pathogen susceptibility. Nonetheless, the detailed PK/PD analy-
sis and the focus on targeted treatment decision-making may be points of strength in
our study.

4. Materials and Methods
4.1. Study Design and Clinical Setting

This retrospective monocentric observational study was carried out between January
2024 and December 2025 at the IRCCS, Azienda Ospedaliero-Universitaria di Bologna, Italy,
among patients receiving a TDM-guided combination therapy with high-dose daptomycin
and CI ceftobiprole for treating documented staphylococcal BSI or IE.

Bloodstream infection by Staphylococcus aureus was defined as the isolation of this
species from at least one blood culture. BSI by Staphylococcus epidermidis was defined as the
isolation of this microorganism from two or more separate blood cultures in the presence
of clinical signs and symptoms consistent with infection [10]. BSI sources were established
according to US Centers for Disease Control and Prevention (CDC) criteria [43]. BSI was
defined as “primary” in case of unidentified source of infection.

The diagnosis of IE was established according to the latest modified 2023 Duke-ISCVID
Criteria [44]. Specifically, the Duke criteria were assessed in all patients presenting risk
factors for IE (i.e., prosthetic heart valves, congenital heart disease, intracardiac devices,
intravenous drug use, etc.). IE cases were classified as involving either prosthetic or
native valves based on the patient’s characteristics. Transthoracic and/or trans-esophageal
echocardiography was performed as the first diagnostic step after blood culture positivity.
In patients with prosthetic valves, if echocardiography was negative, FDG-PET/CT scan
was subsequently performed to confirm or exclude the diagnosis of IE [44]. Only patients
with definite or possible IE were included in this study [44]. Patients with BSI and/or IE
were managed according to current international guidelines, most recent available evidence
and clinical judgment [11,45]. At our center, all patients with a diagnosis of BSI and/or IE
are treated with targeted antimicrobial combination therapy based only on daptomycin
plus continuous infusion (CI) ceftobiprole until end of treatment or oral step-down therapy.
No patient received previous antibiotic treatment before diagnosis.

Treatment was started with standard dosing regimens: daptomycin at a dose of
8–10 mg/kg every 24 or 48 h in patients having eGFR ≥ 30 or <30 mL/min/1.73 m2,
respectively; ceftobiprole with a loading dose of 500 mg over 2 h followed by a maintenance
dose of 1500 mg/daily by CI in patients with eGFR > 50 mL/min/1.73 m2, 1000 mg/daily by
CI if eGFR 30–50 mL/min/1.73 m2, and 500 mg/daily by CI if eGFR < 30 mL/min/1.73 m2.
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At our tertiary-care hospital TDM is routinely performed from Monday to Friday
as part of a program of antimicrobial stewardship aimed at optimizing drug exposure
and minimizing the risk of antimicrobial resistance [46]. Patients underwent first TDM
assessment of both daptomycin and ceftobiprole after at least 48–72 h from starting therapy,
and subsequently every 48–72 h whenever feasible. TDM of daptomycin was performed by
assessing both the trough concentrations, namely 5–15 min before the scheduled dose, and
the peak concentrations, namely at the end of a 5 min infusion. TDM of ceftobiprole was
performed by assessing steady-state plasma concentration (Css).

Plasma daptomycin concentrations were measured by means of a liquid chromatography-
tandem mass spectrometry (LC/MS-MS) commercially available method (Recipe Chemi-
cals + Instruments GmbH, Munich, Germany), with a lower limit of quantification of 1.5
mg/L. Plasma ceftobiprole concentrations were measured by LC/MS-MS analytic method
as previously described [42]. The lower limit of quantification was 0.5 mg/L.

At each TDM assessment, daptomycin AUC24h was estimated by means of a
Bayesian software (MwPharm++, version 2.4.0.363, Mediware, Prague, Czech Republic)
and the PK/PD target of efficacy was set at both AUC24h/MIC ≥ 666 [47] and AUC24h/
MIC ≥ 1081 [48]. Specifically, the lowest value was the target that has been associated
with a 1-log kill of S. aureus in an early neutropenic murine thigh infection model [47].
The highest value was the target that has been associated with a good probability of
clinical success in an exposure-response study including 78 adult patients with staphylo-
coccal bacteremia with or without endocarditis [48]. Both targets were previously adopted
in other studies assessing daptomycin efficacy in patients having endovascular infec-
tions [48,49]. An absolute daptomycin AUC24h value > 939 mg·h/L was set as potential
threshold of drug-related toxicity, namely myopathy and hyper-eosinophilia. This was
the cut-off value that has been identified by means of log-rank test in a large cohort of
patients (n = 1130) receiving treatment with high-dose daptomycin for bone and joint
infections [36].

PK/PD target of efficacy for ceftobiprole was set at an aggressive PK/PD target
defined as a free Css to MIC ratio (f Css/MIC) of 4–8 (corresponding to a 100% T > 4–8 ×
MIC) [29]. A f Css/MIC ratio > 10 was set as value for ceftobiprole dosing reduction, as
previously reported for other beta-lactams [50]. Total ceftobiprole concentrations were
measured and the f Css was calculated based on a plasma protein binding of 16% [51].
Table 4 summarizes the clinical pharmacological thresholds set for assessing efficacy and
safety of both daptomycin and ceftobiprole.

Table 4. Clinical pharmacological parameters used for evaluating efficacy and toxicity for both
daptomycin and ceftobiprole.

Antimicrobial Agent Efficacy Safety

Daptomycin AUC24h/MIC > 666 and AUC24h/MIC > 1081 AUC24h > 939 mg·h/L
Ceftobiprole f Css/MIC 4–8 f Css/MIC > 10

AUC24h, 24 h-area under the curve; f Css free steady-state concentration; MIC, minimum inhibitory concentration.

Microbiological susceptibility of Staphylococci to both daptomycin and ceftobiprole
was tested by broth microdilution.

4.2. Data Collection

Demographic (age, gender, weight, and height) and clinical (Charlson Comorbidity
index, SOFA Score at admission, type and site of infection) were collected at starting treat-
ment. Microbiological (type of bacterial isolates together with daptomycin and ceftobiprole
antimicrobial susceptibility testing), pharmacological data (daptomycin and ceftobiprole
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starting dose, frequency and entity of dose adjustments, treatment duration and TDM
values, switch to oral therapy) and laboratory parameters (such as serum albumin, alanine
aminotransferase, aspartate aminotransferase, CPK, absolute eosinophil count and C-RP)
were collected during treatment. Serum creatinine was assessed at each TDM session. The
estimated glomerular filtration rate was calculated by means of the CKD-EPI formula [52].

4.3. Clinical Evaluation and Safety

Clinical outcome was assessed at the end of treatment and at 7, 14 and 30 days follow-
up. Clinical cure was defined as a composite of resolution of all signs and symptoms
of infection coupled with defervescence, microbiological eradication, C-RP reduction or
bloodstream bacterial clearance vs. baseline. Microbiological eradication was defined
as sustained negative follow-up blood cultures. Follow-up blood cultures were drawn
between 48 h and 7 days after the index blood culture. Results of follow-up blood cultures
were classified as positive for the same pathogen or negative.

Treatment inefficacy was defined in presence of infection relapse or death caused by
worsening of the infection-related clinical conditions. Relapse was defined as a new episode
of IE and/or BSI caused by the same microorganism occurring after completing antibiotic
therapy. Breakthrough infection was defined as the isolation of the same microorganism
during ongoing, appropriate antibiotic treatment. Duration of antibiotic treatment was
defined as the number of consecutive days of combination antimicrobial therapy. Time to
blood culture clearance was defined as the number of days from the index blood culture
from starting antibiotic therapy to the first documented negative follow-up blood culture.

Safety of daptomycin therapy was assessed by evaluating CPK and absolute eosin-
ophil count during treatment. A CPK value > 170 UI/L or an absolute eosinophil count
> 0.5 × 109/L (mild eosinophilia 0.5–1.5 × 109/L, moderate eosinophilia 1.5–5.0 × 109/L,
severe eosinophilia > 5.0 × 109/L) were considered signs of potential daptomycin toxicity [53].

4.4. Statistical Analysis

The Kolmogorov–Smirnov test was used to assess whether data were normally or
non-normally distributed. Accordingly, means ± SD or medians and IQR were used for
descriptive statistics. The statistical difference between groups was assessed by means
of Student t-test or Mann–Whitney U test, as appropriate. All statistical analyses and
graphs were performed with R version 4.3.3 (The R Foundation for Statistical Computing,
Vienna, Austria).

5. Conclusions
In conclusion, this study provides the first real-life proof of concept of the pharma-

cological performance and tolerability of high-dose daptomycin plus CI ceftobiprole as
a targeted treatment strategy for staphylococcal BSI and IE. The findings underscore the
value of integrating PK/PD principles, MIC-informed dosing, and MIPD for optimizing
the balance between efficacy and toxicity by minimizing unnecessary overexposure. Larger
multicenter studies are warranted to further define the role of this combination therapy
and to refine precision dosing strategies in severe staphylococcal BSI/IE.

Author Contributions: Conceptualization, P.G.C., R.P., P.V. and F.P.; methodology, R.P. and A.G.;
software, P.G.C.; formal analysis, R.P., A.G., and S.A.; investigation, R.P., A.G. and S.A.; data curation,
R.P., A.G. and S.A.; writing—original draft preparation, P.G.C., F.P. and R.P.; writing—review and
editing, P.G.C., P.V. and F.P.; supervision, F.P. and P.V. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

https://doi.org/10.3390/antibiotics15030315

https://doi.org/10.3390/antibiotics15030315


Antibiotics 2026, 15, 315 12 of 15

Institutional Review Board Statement: The study was conducted in accordance with the Dec-
laration of Helsinki and approved by the Institutional Review Board of the IRCCS, Azienda
Ospedaliero-Universitaria di Bologna (No. 308/2021/Oss/AOUBo on 17 May 2021, EM232–
2022_308/2021/Oss/AOUBo on 16 March 2022, and EM449–2023_308/2021/Oss/AOUBo on
17 April 2024).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author. The data are not publicly available due to privacy concerns. The de-identified
individual participant data that underlie the results reported in this article (including text, tables, and
figures) will be made available together with the research protocol for non-commercial, academic
purposes. Additional supporting documents may be available on request.

Conflicts of Interest: Pier Giorgio Cojutti received fees from Angelini, Shionogi, Pfizer, and MSD
outside of the submitted work. Federico Pea reports personal fees from Angelini, Basilea Phar-
maceutica, Gilead, Hikma, MSD, Pfizer, Sanofi-Aventis, Shionogi, Thermo Fisher, and Acceler-
ate Diagnostics, outside the submitted work; has participated in speakers’ bureaus for Acceler-
ate Diagnostics, Angelini, Basilea Pharmaceutica, Gilead, Hikma, MSD, Pfizer, Sanofi-Aventis, Sh-
ionogi, and Thermo Fisher; and has been a consultant for Angelini, Basilea Pharmaceutica, Gilead,
MSD, Pfizer, and Shionogi, outside the submitted work. Pierluigi Viale has served as a consul-
tant for bio- Merieux, Gilead, Merck Sharp and Dohme, Nabriva, Nordic Pharma, Pfizer, Thermo-
Fisher, and Venatorx, and has received payment for serving on the speakers’ bureaus for Corre-
vio, Gilead, Merck Sharp, and Dohme, Nordic Pharma, and Pfizer, outside the submitted work.
All other authors report no potential conflicts of interest that may be relevant to the contents of
this study.

References
1. Fowler, V.G.; Miro, J.M.; Hoen, B.; Cabell, C.H.; Abrutyn, E.; Rubinstein, E.; Corey, G.R.; Spelman, D.; Bradley, S.F.; Barsic, B.; et al.

Staphylococcus aureus endocarditis: A consequence of medical progress. JAMA 2005, 293, 3012–3021. [CrossRef]
2. Tong, S.Y.; Davis, J.S.; Eichenberger, E.; Holland, T.L.; Fowler, V.G. Staphylococcus aureus infections: Epidemiology, pathophysiology,

clinical manifestations, and management. Clin. Microbiol. Rev. 2015, 28, 603–661. [CrossRef]
3. Cosgrove, S.E.; Sakoulas, G.; Perencevich, E.N.; Schwaber, M.J.; Karchmer, A.W.; Carmeli, Y. Comparison of mortality associated

with methicillin-resistant and methicillin-susceptible Staphylococcus aureus bacteremia: A meta-analysis. Clin. Infect. Dis. 2003, 36,
53–59. [CrossRef] [PubMed]

4. van Hal, S.J.; Jensen, S.O.; Vaska, V.L.; Espedido, B.A.; Paterson, D.L.; Gosbell, I.B. Predictors of mortality in Staphylococcus aureus
Bacteremia. Clin. Microbiol. Rev. 2012, 25, 362–386. [CrossRef] [PubMed]

5. Murdoch, D.R.; Corey, G.R.; Hoen, B.; Miró, J.M.; Fowler, V.G.; Bayer, A.S.; Karchmer, A.W.; Olaison, L.; Pappas, P.A.; Moreillon,
P.; et al. Clinical presentation, etiology, and outcome of infective endocarditis in the 21st century: The International Collaboration
on Endocarditis-Prospective Cohort Study. Arch. Intern. Med. 2009, 169, 463–473. [CrossRef] [PubMed]

6. Holland, T.L.; Arnold, C.; Fowler, V.G. Clinical management of Staphylococcus aureus bacteremia: A review. JAMA 2014, 312,
1330–1341. [CrossRef]

7. Durante-Mangoni, E.; Bradley, S.; Selton-Suty, C.; Tripodi, M.F.; Barsic, B.; Bouza, E.; Cabell, C.H.; Ramos, A.I.; Fowler, V.; Hoen,
B.; et al. Current features of infective endocarditis in elderly patients: Results of the International Collaboration on Endocarditis
Prospective Cohort Study. Arch. Intern. Med. 2008, 168, 2095–2103. [CrossRef]

8. Otto, M. Staphylococcus epidermidis—The ‘accidental’ pathogen. Nat. Rev. Microbiol. 2009, 7, 555–567. [CrossRef] [PubMed]
9. Becker, K.; Heilmann, C.; Peters, G. Coagulase-negative staphylococci. Clin. Microbiol. Rev. 2014, 27, 870–926. [CrossRef]
10. Liu, C.; Bayer, A.; Cosgrove, S.E.; Daum, R.S.; Fridkin, S.K.; Gorwitz, R.J.; Kaplan, S.L.; Karchmer, A.W.; Levine, D.P.; Murray,

B.E.; et al. Clinical practice guidelines by the infectious diseases society of america for the treatment of methicillin-resistant
Staphylococcus aureus infections in adults and children. Clin. Infect. Dis. 2011, 52, e18–e55. [CrossRef]

11. Delgado, V.; Ajmone Marsan, N.; de Waha, S.; Bonaros, N.; Brida, M.; Burri, H.; Caselli, S.; Doenst, T.; Ederhy, S.; Erba, P.A.; et al.
2023 ESC Guidelines for the management of endocarditis. Eur. Heart J. 2023, 44, 3948–4042. [CrossRef] [PubMed]

12. Maraolo, A.E.; Giaccone, A.; Gentile, I.; Saracino, A.; Bavaro, D.F. Daptomycin versus Vancomycin for the Treatment of Methicillin-
Resistant. Antibiotics 2021, 10, 1014. [CrossRef] [PubMed]

https://doi.org/10.3390/antibiotics15030315

https://doi.org/10.1001/jama.293.24.3012
https://doi.org/10.1128/CMR.00134-14
https://doi.org/10.1086/345476
https://www.ncbi.nlm.nih.gov/pubmed/12491202
https://doi.org/10.1128/CMR.05022-11
https://www.ncbi.nlm.nih.gov/pubmed/22491776
https://doi.org/10.1001/archinternmed.2008.603
https://www.ncbi.nlm.nih.gov/pubmed/19273776
https://doi.org/10.1001/jama.2014.9743
https://doi.org/10.1001/archinte.168.19.2095
https://doi.org/10.1038/nrmicro2182
https://www.ncbi.nlm.nih.gov/pubmed/19609257
https://doi.org/10.1128/CMR.00109-13
https://doi.org/10.1093/cid/ciq146
https://doi.org/10.1093/eurheartj/ehad193
https://www.ncbi.nlm.nih.gov/pubmed/37622656
https://doi.org/10.3390/antibiotics10081014
https://www.ncbi.nlm.nih.gov/pubmed/34439067
https://doi.org/10.3390/antibiotics15030315


Antibiotics 2026, 15, 315 13 of 15

13. Tong, S.Y.C.; Lye, D.C.; Yahav, D.; Sud, A.; Robinson, J.O.; Nelson, J.; Archuleta, S.; Roberts, M.A.; Cass, A.; Paterson, D.L.; et al.
Effect of Vancomycin or Daptomycin With vs Without an Antistaphylococcal β-Lactam on Mortality, Bacteremia, Relapse, or
Treatment Failure in Patients With MRSA Bacteremia: A Randomized Clinical Trial. JAMA 2020, 323, 527–537. [CrossRef]

14. Murray, K.P.; Zhao, J.J.; Davis, S.L.; Kullar, R.; Kaye, K.S.; Lephart, P.; Rybak, M.J. Early use of daptomycin versus vancomycin for
methicillin-resistant Staphylococcus aureus bacteremia with vancomycin minimum inhibitory concentration > 1 mg/L: A matched
cohort study. Clin. Infect. Dis. 2013, 56, 1562–1569. [CrossRef]

15. Moore, C.L.; Osaki-Kiyan, P.; Haque, N.Z.; Perri, M.B.; Donabedian, S.; Zervos, M.J. Daptomycin versus vancomycin for blood-
stream infections due to methicillin-resistant Staphylococcus aureus with a high vancomycin minimum inhibitory concentration: A
case-control study. Clin. Infect. Dis. 2012, 54, 51–58. [CrossRef]

16. Baddour, L.M.; Wilson, W.R.; Bayer, A.S.; Fowler, V.G.; Tleyjeh, I.M.; Rybak, M.J.; Barsic, B.; Lockhart, P.B.; Gewitz, M.H.; Levison,
M.E.; et al. Infective Endocarditis in Adults: Diagnosis, Antimicrobial Therapy, and Management of Complications: A Scientific
Statement for Healthcare Professionals From the American Heart Association. Circulation 2015, 132, 1435–1486. [CrossRef]

17. Lim, C.; Coombs, G.W.; Mowlaboccus, S. Molecular mechanisms of resistance and tolerance of Staphylococcus aureus to daptomycin.
Int. J. Antimicrob. Agents 2026, 67, 107678. [CrossRef]

18. Bai, A.D.; Lo, C.K.L.; Komorowski, A.S.; Suresh, M.; Guo, K.; Garg, A.; Tandon, P.; Senecal, J.; Del Corpo, O.; Stefanova, I.; et al.
Staphylococcus aureus bacteraemia mortality: A systematic review and meta-analysis. Clin. Microbiol. Infect. 2022, 28, 1076–1084.
[CrossRef]

19. Fowler, V.G.; Boucher, H.W.; Corey, G.R.; Abrutyn, E.; Karchmer, A.W.; Rupp, M.E.; Levine, D.P.; Chambers, H.F.; Tally, F.P.;
Vigliani, G.A.; et al. Daptomycin versus standard therapy for bacteremia and endocarditis caused by Staphylococcus aureus. N.
Engl. J. Med. 2006, 355, 653–665. [CrossRef]

20. Kim, M.; Ranganath, N.; Chesdachai, S.; Stevens, R.W.; Sohail, M.R.; Abu Saleh, O.M. Which trial do we need? Combination ther-
apy with daptomycin plus ceftaroline versus standard-of-care monotherapy in the treatment of methicillin-resistant Staphylococcus
aureus bacteraemia. Clin. Microbiol. Infect. 2025, 31, 18–21. [CrossRef] [PubMed]

21. Holland, T.L.; Cosgrove, S.E.; Doernberg, S.B.; Jenkins, T.C.; Turner, N.A.; Boucher, H.W.; Pavlov, O.; Titov, I.; Kosulnykov, S.;
Atanasov, B.; et al. Ceftobiprole for Treatment of Complicated. N. Engl. J. Med. 2023, 389, 1390–1401. [CrossRef] [PubMed]

22. Barber, K.E.; Werth, B.J.; Ireland, C.E.; Stone, N.E.; Nonejuie, P.; Sakoulas, G.; Pogliano, J.; Rybak, M.J. Potent synergy of
ceftobiprole plus daptomycin against multiple strains of Staphylococcus aureus with various resistance phenotypes. J. Antimicrob.
Chemother. 2014, 69, 3006–3010. [CrossRef] [PubMed]

23. Abdul-Aziz, M.H.; Hammond, N.E.; Brett, S.J.; Cotta, M.O.; De Waele, J.J.; Devaux, A.; Di Tanna, G.L.; Dulhunty, J.M.; Elkady,
H.; Eriksson, L.; et al. Prolonged vs Intermittent Infusions of β-Lactam Antibiotics in Adults With Sepsis or Septic Shock: A
Systematic Review and Meta-Analysis. JAMA 2024, 332, 638–648. [CrossRef] [PubMed]

24. Roger, C.; Allaouchiche, B.; Quintão De Moraes, D.; Ulrich Feudjio, O.; Occean, B.V.; Friggeri, A.; Lefrant, J.Y.; Muller, L.; Breilh,
D. Intrapulmonary concentrations of ceftobiprole high doses administered by continuous infusion in critically ill patients with
community-acquired pneumonia. J. Antimicrob. Chemother. 2025, 80, 2644–2653. [CrossRef]

25. Tascini, C.; Attanasio, V.; Ripa, M.; Carozza, A.; Pallotto, C.; Bernardo, M.; Francisci, D.; Oltolini, C.; Palmiero, G.; Scarpellini, P.
Ceftobiprole for the treatment of infective endocarditis: A case series. J. Glob. Antimicrob. Resist. 2020, 20, 56–59. [CrossRef]

26. Oltolini, C.; Castiglioni, B.; Tassan Din, C.; Castiglioni, A.; Ossi, C.; La Canna, G.; Pajoro, U.; Scarpellini, P. Meticillin-resistant
Staphylococcus aureus endocarditis: First report of daptomycin plus ceftobiprole combination as salvage therapy. Int. J. Antimicrob.
Agents 2016, 47, 502–504. [CrossRef]

27. Werth, B.J.; Barber, K.E.; Tran, N.; Nonejuie, P.; Sakoulas, G.; Pogliano, J.; Rybak, M.J. Ceftobiprole and ampicillin increase
daptomycin susceptibility of daptomycin-susceptible and -resistant VRE. J. Antimicrob. Chemother. 2015, 70, 489–493. [CrossRef]

28. Dulhunty, J.M.; Brett, S.J.; De Waele, J.J.; Rajbhandari, D.; Billot, L.; Cotta, M.O.; Davis, J.S.; Finfer, S.; Hammond, N.E.; Knowles, S.;
et al. Continuous vs Intermittent β-Lactam Antibiotic Infusions in Critically Ill Patients With Sepsis: The BLING III Randomized
Clinical Trial. JAMA 2024, 332, 629–637. [CrossRef]

29. Cojutti, P.G.; Giuliano, S.; Pascale, R.; Angelini, J.; Tascini, C.; Viale, P.; Pea, F. Population Pharmacokinetic and Pharmacodynamic
Analysis for Maximizing the Effectiveness of Ceftobiprole in the Treatment of Severe Methicillin-Resistant Staphylococcal
Infections. Microorganisms 2023, 11, 2964. [CrossRef]

30. Gatti, M.; Viaggi, B.; Rossolini, G.M.; Pea, F.; Viale, P. Targeted Therapy of Severe Infections Caused by. Microorganisms 2023, 11,
394. [CrossRef]

31. Geriak, M.; Haddad, F.; Rizvi, K.; Rose, W.; Kullar, R.; LaPlante, K.; Yu, M.; Vasina, L.; Ouellette, K.; Zervos, M.; et al. Clinical Data
on Daptomycin plus Ceftaroline versus Standard of Care Monotherapy in the Treatment of Methicillin-Resistant Staphylococcus
aureus Bacteremia. Antimicrob. Agents Chemother. 2019, 63, e02483-18. [CrossRef] [PubMed]

https://doi.org/10.3390/antibiotics15030315

https://doi.org/10.1001/jama.2020.0103
https://doi.org/10.1093/cid/cit112
https://doi.org/10.1093/cid/cir764
https://doi.org/10.1161/CIR.0000000000000296
https://doi.org/10.1016/j.ijantimicag.2025.107678
https://doi.org/10.1016/j.cmi.2022.03.015
https://doi.org/10.1056/NEJMoa053783
https://doi.org/10.1016/j.cmi.2024.08.011
https://www.ncbi.nlm.nih.gov/pubmed/39182576
https://doi.org/10.1056/NEJMoa2300220
https://www.ncbi.nlm.nih.gov/pubmed/37754204
https://doi.org/10.1093/jac/dku236
https://www.ncbi.nlm.nih.gov/pubmed/24990867
https://doi.org/10.1001/jama.2024.9803
https://www.ncbi.nlm.nih.gov/pubmed/38864162
https://doi.org/10.1093/jac/dkaf267
https://doi.org/10.1016/j.jgar.2019.07.020
https://doi.org/10.1016/j.ijantimicag.2016.04.006
https://doi.org/10.1093/jac/dku386
https://doi.org/10.1001/jama.2024.9779
https://doi.org/10.3390/microorganisms11122964
https://doi.org/10.3390/microorganisms11020394
https://doi.org/10.1128/AAC.02483-18
https://www.ncbi.nlm.nih.gov/pubmed/30858203
https://doi.org/10.3390/antibiotics15030315


Antibiotics 2026, 15, 315 14 of 15

32. Tannous, E.; Lipman-Arens, S.; Cohen, R. Should a Minimum Daptomycin 24-Hour Area Under the Curve of 666 mg × hour/L
Be the Target in Staphylococcus aureus Infections? Clin. Infect. Dis. 2024, 79, 1120–1121. [CrossRef]

33. Heitzmann, J.; Thoma, Y.; Bricca, R.; Gagnieu, M.C.; Leclerc, V.; Roux, S.; Conrad, A.; Ferry, T.; Goutelle, S. Implementation and
Comparison of Two Pharmacometric Tools for Model-Based Therapeutic Drug Monitoring and Precision Dosing of Daptomycin.
Pharmaceutics 2022, 14, 114. [CrossRef] [PubMed]

34. Galar, A.; Muñoz, P.; Valerio, M.; Cercenado, E.; García-González, X.; Burillo, A.; Sánchez-Somolinos, M.; Juárez, M.; Verde, E.;
Bouza, E. Current use of daptomycin and systematic therapeutic drug monitoring: Clinical experience in a tertiary care institution.
Int. J. Antimicrob. Agents 2019, 53, 40–48. [CrossRef]

35. Bhavnani, S.M.; Rubino, C.M.; Ambrose, P.G.; Drusano, G.L. Daptomycin exposure and the probability of elevations in the
creatine phosphokinase level: Data from a randomized trial of patients with bacteremia and endocarditis. Clin. Infect. Dis. 2010,
50, 1568–1574. [CrossRef]

36. Garreau, R.; Pham, T.T.; Bourguignon, L.; Millet, A.; Parant, F.; Bussy, D.; Desevre, M.; Franchi, V.; Ferry, T.; Goutelle, S.
Daptomycin Exposure as a Risk Factor for Daptomycin-Induced Eosinophilic Pneumonia and Muscular Toxicity. Clin. Infect. Dis.
2023, 77, 1372–1380. [CrossRef]

37. Burdette, S.D.; Oleson, F.; McDaneld, P.M.; Benziger, D.; Patel, H.N. Dosing strategy to allow continued therapy with daptomycin
after asymptomatic increases in creatine kinase levels. Am. J. Health-Syst. Pharm. 2014, 71, 1101–1107. [CrossRef]

38. Utley, L.M.; Larsen, S.; Goldberg, T.; Barjasteh, T. Daptomycin and acute lung injury: Recognising drug-induced eosinophilic
pneumonia. BMJ Case Rep. 2025, 18, e266295. [CrossRef]

39. Gidari, A.; Pallotto, C.; Francisci, D. Daptomycin eosinophilic pneumonia, a systematic review of the literature and case series.
Infection 2024, 52, 2145–2168. [CrossRef]

40. Membrillo de Novales, F.J.; Falcone, M.; Soriano, A.; Fernández-Hidalgo, N.; Francisci, D.; Gentile, I.; Cedar, E.; Jemmely,
N.; Quevedo, J.; Estébanez, M.; et al. Safety of ceftobiprole in patients with impaired renal, hepatic or immune function: A
multinational retrospective hospital chart review (RETRACE study). Int. J. Antimicrob. Agents 2025, 65, 107450. [CrossRef]
[PubMed]

41. Morroni, G.; Brenciani, A.; Brescini, L.; Fioriti, S.; Simoni, S.; Pocognoli, A.; Mingoia, M.; Giovanetti, E.; Barchiesi, F.; Giacometti,
A.; et al. High Rate of Ceftobiprole Resistance among Clinical Methicillin-Resistant. Antimicrob. Agents Chemother. 2018, 62,
e01663-18. [CrossRef]

42. Schaumburg, F.; Peters, G.; Alabi, A.; Becker, K.; Idelevich, E.A. Missense mutations of PBP2a are associated with reduced
susceptibility to ceftaroline and ceftobiprole in African MRSA. J. Antimicrob. Chemother. 2016, 71, 41–44. [CrossRef]

43. Horan, T.C.; Andrus, M.; Dudeck, M.A. CDC/NHSN surveillance definition of health care-associated infection and criteria for
specific types of infections in the acute care setting. Am. J. Infect. Control 2008, 36, 309–332. [CrossRef]

44. Fowler, V.G.; Durack, D.T.; Selton-Suty, C.; Athan, E.; Bayer, A.S.; Chamis, A.L.; Dahl, A.; DiBernardo, L.; Durante-Mangoni, E.;
Duval, X.; et al. The 2023 Duke-International Society for Cardiovascular Infectious Diseases Criteria for Infective Endocarditis:
Updating the Modified Duke Criteria. Clin. Infect. Dis. 2023, 77, 518–526. [CrossRef]

45. Mudrik-Zohar, H.; Ong, S.W.X.; Lee, T.C.; Tong, S.Y.C. Navigating the Challenges in Staphylococcus aureus Bloodstream Infection:
A Practical Guide to Management. Infect. Dis. Clin. N. Am. 2025, 40, 165–182. [CrossRef]

46. Cojutti, P.G.; Gatti, M.; Bonifazi, F.; Caramelli, F.; Castelli, A.; Cavo, M.; Cescon, M.; Corvaglia, L.T.; Lanari, M.; Marinelli, S.; et al.
Impact of a newly established expert clinical pharmacological advice programme based on therapeutic drug monitoring results
in tailoring antimicrobial therapy hospital-wide in a tertiary university hospital: Findings after the first year of implementation.
Int. J. Antimicrob. Agents 2023, 62, 106884. [CrossRef]

47. Safdar, N.; Andes, D.; Craig, W.A. In vivo pharmacodynamic activity of daptomycin. Antimicrob. Agents Chemother. 2004, 48,
63–68. [CrossRef]

48. Bhavnani, S.M.; Ambrose, P.G.; Hammel, J.P.; Rubino, C.M.; Drusano, G.L. Evaluation of Daptomycin Exposure and Efficacy and
Safety Endpoints To Support Risk-versus-Benefit Considerations. Antimicrob. Agents Chemother. 2015, 60, 1600–1607. [CrossRef]

49. Falcone, M.; Russo, A.; Cassetta, M.I.; Lappa, A.; Tritapepe, L.; d’Ettorre, G.; Fallani, S.; Novelli, A.; Venditti, M. Variability of
pharmacokinetic parameters in patients receiving different dosages of daptomycin: Is therapeutic drug monitoring necessary? J.
Infect. Chemother. 2013, 19, 732–739. [CrossRef]

50. Gatti, M.; Cojutti, P.G.; Pea, F. Impact of attaining aggressive vs. conservative PK/PD target on the clinical efficacy of beta-lactams
for the treatment of Gram-negative infections in the critically ill patients: A systematic review and meta-analysis. Crit. Care 2024,
28, 123. [CrossRef]

51. Zhanel, G.G.; Lam, A.; Schweizer, F.; Thomson, K.; Walkty, A.; Rubinstein, E.; Gin, A.S.; Hoban, D.J.; Noreddin, A.M.; Karlowsky,
J.A. Ceftobiprole: A review of a broad-spectrum and anti-MRSA cephalosporin. Am. J. Clin. Dermatol. 2008, 9, 245–254. [CrossRef]
[PubMed]

https://doi.org/10.3390/antibiotics15030315

https://doi.org/10.1093/cid/ciae086
https://doi.org/10.3390/pharmaceutics14010114
https://www.ncbi.nlm.nih.gov/pubmed/35057009
https://doi.org/10.1016/j.ijantimicag.2018.09.015
https://doi.org/10.1086/652767
https://doi.org/10.1093/cid/ciad386
https://doi.org/10.2146/ajhp130527
https://doi.org/10.1136/bcr-2025-266295
https://doi.org/10.1007/s15010-024-02349-z
https://doi.org/10.1016/j.ijantimicag.2025.107450
https://www.ncbi.nlm.nih.gov/pubmed/39864599
https://doi.org/10.1128/AAC.01663-18
https://doi.org/10.1093/jac/dkv325
https://doi.org/10.1016/j.ajic.2008.03.002
https://doi.org/10.1093/cid/ciad271
https://doi.org/10.1016/j.idc.2025.11.002
https://doi.org/10.1016/j.ijantimicag.2023.106884
https://doi.org/10.1128/AAC.48.1.63-68.2004
https://doi.org/10.1128/AAC.02967-15
https://doi.org/10.1007/s10156-013-0559-z
https://doi.org/10.1186/s13054-024-04911-5
https://doi.org/10.2165/00128071-200809040-00004
https://www.ncbi.nlm.nih.gov/pubmed/18572975
https://doi.org/10.3390/antibiotics15030315


Antibiotics 2026, 15, 315 15 of 15

52. Levey, A.S.; Stevens, L.A.; Schmid, C.H.; Zhang, Y.L.; Castro, A.F.; Feldman, H.I.; Kusek, J.W.; Eggers, P.; Van Lente, F.; Greene, T.;
et al. A new equation to estimate glomerular filtration rate. Ann. Intern. Med. 2009, 150, 604–612. [CrossRef] [PubMed]

53. Curtis, C.; Ogbogu, P.U. Evaluation and Differential Diagnosis of Persistent Marked Eosinophilia. Immunol. Allergy Clin. N. Am.
2015, 35, 387–402. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/antibiotics15030315

https://doi.org/10.7326/0003-4819-150-9-200905050-00006
https://www.ncbi.nlm.nih.gov/pubmed/19414839
https://doi.org/10.1016/j.iac.2015.04.001
https://www.ncbi.nlm.nih.gov/pubmed/26209891
https://doi.org/10.3390/antibiotics15030315

	Introduction 
	Results 
	Patient Population 
	Pharmacokinetic/Pharmacodynamic Analysis and Safety Considerations 
	Assessment of Clinical Outcomes 

	Discussion 
	Materials and Methods 
	Study Design and Clinical Setting 
	Data Collection 
	Clinical Evaluation and Safety 
	Statistical Analysis 

	Conclusions 
	References

