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Background: Infections caused by methicillin-resistant Staphylococcus aureus (MRSA) are associated with
high mortality rates. Optimal antibiotic dosage plays a crucial role in reducing MRSA burden; thus, the
use of therapeutic drug monitoring (TDM) in the clinical practice, especially of new drugs such as cef-
tobiprole, ceftaroline, dalbavancin, and oritavancin, should be implemented.
Objectives: We aim to examine and summarize the available evidence about TDM of anti-MRSA mole-
cules, with a focus on pneumonia, endocarditis and vascular infections, and bone and joint infections.
Sources: We applied ‘therapeutic drug monitoring’ and ‘Staphylococcus aureus’ as search terms in
PubMed, considering a time frame of 24 years (2001e2024). Articles in English language, non-duplicated,
evaluating antibiotic therapeutic target, and role of TDM were included in the study.
Content: In this review, available data for therapeutic target and TDM were critically analysed and
summarized and suggestions about the use of old and new anti-MRSA antibiotics were provided,
focusing on optimal dosages, tissue penetration according to infection types, and toxicity. Limitations to
the widespread use of TDM in clinical practice were discussed.
Implications: The use of TDM may play an important role for the optimal management of patients with
MRSA infections and may impact on patient outcomes by increasing efficacy and reducing the risk of
adverse events. TDM may be implemented in clinical practice; however, several limitations such as the
wide variability in the methodology and the need for skilled personnel need to be considered.
Valentina Galfo, Clin Microbiol Infect 2025;31:194
© 2024 The Authors. Published by Elsevier Ltd on behalf of European Society of Clinical Microbiology and
Infectious Diseases. This is an open access article under the CC BY license (http://creativecommons.org/
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Introduction

Infections caused by methicillin-resistant Staphylococcus aureus
(MRSA) are associated with high mortality rates [1e3]. Despite the
availability of new effective drugs, mortality remains high in pa-
tients with bloodstream infections by MRSA [4e6]. Although
optimal antibiotic dosage may play a crucial role in treating MRSA
infections [7e9], therapeutic drug monitoring (TDM) of several
anti-MRSA antibiotics is not routinely performed in clinical prac-
tice. This has particular importance since new drugs such as
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ceftobiprole, ceftaroline, dalbavancin, and oritavancin have been
introduced in the market [10,11].

The aim of this narrative review is to discuss the evidence about
TDM of anti-MRSA antibiotics providing a practical guide for cli-
nicians to optimize treatment of patients with pneumonia, endo-
carditis, and bone and joint infections (BJIs) because of MRSA.
Methods

We performed a MEDLINE/PubMed search using the following
search terms: ‘therapeutic drug monitoring’ AND ‘Staphylococcus
aureus’. After screening of titles and abstracts, 106 full-text studies
were reviewed. Three were excluded because they were not in
English. After evaluation of 103 full-text studies and their pertinent
references, a total of 44 articles were considered of clinical rele-
vance for appropriate use of TDM.
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TDM for old and new antibiotics in MRSA pneumonia

MRSA represents a cause of hospital-acquired pneumonia (HAP)
and, to a lesser extent, of community-acquired pneumonia (CAP) in
patients with specific risk factors, including previous history of
MRSA infection or colonization, high "PES score" (PES: Pseudomonas
aeruginosa, extended-spectrum b-lactamase Enterobacterales, and
methicillin-resistant Staphylococcus aureus), cavitation or necro-
tizing pneumonia, influenza infection, or tobacco use [12e16].
Linezolid, ceftobiprole, and vancomycin are recommended for both
CAP andHAP,whereas ceftaroline is recommended only for patients
with CAP [7,14]. In the United States, telavancin is also approved for
HAP and ventilator-associated pneumonia by MRSA [17,18].

Because epithelial lining fluid (ELF) penetration of anti-MRSA
antibiotics is crucial to guide antibiotic selection, TDM may be
useful to ensure optimal ELF concentrations [19,20].

ELF penetration of telavancin in healthy volunteers is as high as
100% of free plasma concentration [21]. Linezolid also displays an ELF
penetration of more than 100% both in healthy volunteers and criti-
cally ill patients [22,23]. In a murine pneumonia model, median ELF
penetration of ceftobiprole was 69%, whereas in healthy volunteers,
mean penetration was 25.5% [24]. It is not clear if the use of high
dosage of ceftobiprole (500mgq6h)may increase the ELFpenetration
of the drug. Ceftaroline shows an ELF penetration ranging from20% to
23% if administered as a 600mg q12 h infusion and from20% to 34% if
administered as a 600 mg q8h infusion. In both cases, maximum
concentrations above the MIC90 of MRSA were achieved [25].

Vancomycin ELF penetration is not optimal. A recent study in
healthy volunteers demonstrated an area under the concentration-
time curve (AUC)ELF/AUCplasma ratio of 50% [26], whereas, in criti-
cally ill patients, ELF penetration ranges from 5% to 24.6% of total
plasma concentrations [27,28], with a risk of underexposure in
strains with MIC to vancomycin �1 mg/L.

Although serum TDM of all these antibiotics may be useful in
patients with MRSA pneumonia, in clinical practice it is routinely
performed only for vancomycin (recommended trough levels
Fig. 1. Suggested antibiotics for MRSA pneumonia with TDM indications. Green suggested m
MRSA, methicillin-resistant Staphylococcus aureus; TDM, therapeutic drug monitoring.
between 15 and 20 mg/L) [7,29]. Linezolid serum concentration
should be tested immediately before administration, with serum
trough concentration between 2 and 7 mg/L to preserve efficacy
and avoid side effects [30]. For ceftaroline, a percent of the time for
which the free serum concentration is above the MIC (fT>MIC )>60%
has been chosen to predict the efficacy of the cephalosporin [31].
Ceftaroline 600 mg q8 hours as a 2- h infusion (for normal renal
function) demonstrated to achieve this target in patients with CAP
caused by MRSA with MIC values up to 2 mg/L [31]. No TDM data
are currently available for telavancin and ceftobiprole.

Based on these considerations, linezolid and telavancin (when
available) may represent the first choice in patients with MRSA
pneumonia. Vancomycin should be considered an alternative option,
because it has a relatively lowELF penetration and a close therapeutic
window with high risk of adverse events. In cases of pneumonia by
Panton-Valentine leucocidin-producers, linezolid may be among the
preferred choices since it reduces the number of colony-forming
units in the lung and the exotoxin synthesis in animal models
[32,33], but there are no clinical human outcome data supporting the
animal data up to this date. Further data arewarranted for ceftaroline
and ceftobiprole, considering that these two cephalosporins repre-
sent important options in patients who cannot receive linezolid
because of drug-drug interactions and/or risk of myelosuppression.

Available TDM data for these antibiotics in MRSA pneumonia are
summarized in Fig. 1.

TDM for old and new antibiotics in MRSA endocarditis and vascular
infections

Endocarditis caused byMRSA is associatedwith increased risk of
mortality [34,35]. Ensuring an optimal antibiotic dosing using TDM
is crucial in reducing the risk of therapeutic failure [36,37].

According to guidelines by the European Society of Cardiology,
by Infectious Diseases Society of America, and the American guid-
ance by the American Heart Association, daptomycin and vanco-
mycin are recommended for MRSA endocarditis [14,38,39].
olecules for MRSA pneumonia, in yellow second line choices. ELF, epithelial lining fluid;
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Serum concentration of both vancomycin and daptomycin needs
to be maintained above a well-defined threshold to achieve suffi-
cient vegetation penetration and favourable clinical outcomes. For
daptomycin, an AUC/MIC over 666 is recommended; in fact, values
under this threshold have been associated with treatment failure
and increased mortality [40]. For vancomycin, an AUC/MIC of
400-600 should be maintained, even though some studies showed
that values under 600 may be associated with an increased risk of
treatment failure [29]. Limited data about linezolid TDM in patients
with endocarditis are available.

In critically ill patients and/or during the early phase of MRSA
infection, glomerular hyperfiltration and fluid leakage in the third
space may occur, leading to increased clearance and reduced
exposure to hydrophilic antimicrobials, such as daptomycin [36]. In
these cases, daptomycin dosage up to 10 mg/kg daily should be
used to reach the efficacy threshold [14,36,41].

Ceftobiprole represents a therapeutic option for the treatment
of MRSA bacteraemia, including endocarditis, based on the recent
"ERADICATE" randomized controlled trial (RCT). It demonstrated
that ceftobiprole 500 mg q6h during initial 8 days of treatment,
followed by 500 mg q8h, was not inferior to daptomycin in
achieving treatment success (69.8% vs. 68.7%) and microbiological
eradication (82% vs. 77.3%) of complicated S. aureus bacteraemia,
including MRSA endocarditis [42]. A valve tissue/plasma ratio of
0.14 has been reported for ceftobiprole [43], but no data on TDM are
now available. Although ceftaroline also represents a promising
option in these infections, no RCTs about its use in monotherapy are
available. An open-label RCT comparing ceftaroline plus daptomy-
cin vs. standard monotherapy (vancomycin or daptomycin) in
MRSA infections has been early stopped because of a dispropor-
tionate number of deaths in the standard group [44]. Thus, only
retrospective data are available for ceftaroline. In the "CAPTURE"
study, clinical success was observed in 77.3% of patients with MRSA
endocarditis [45]. Similarly, Zasowski et al. [46] demonstrated the
non-inferiority of ceftaroline compared with daptomycin in
avoiding treatment failure in patients with MRSA bacteraemia (p
0.264). For ceftaroline, pharmacokinetic/pharmacodynamic (PK/
PD) target attainment is defined as 100%fT>4MIC [47], with better
results with prolonged infusion (66% vs. 33%, p 0.045), in case of a
MIC breakpoint of 2 mg/L [47]. In the subgroup of patients with
MRSA endocarditis/endovascular infection, PK/PD target was
Fig. 2. Suggested antibiotics for MRSA endocarditis and vascular infections with TDM indi
yellow second line choices. AUC, area under the plasma drug concentration-time curve. fT>M
the antibiotic at the site of infection remains above the MIC of the pathogen. MRSA, methi
achieved, and initial dose confirmed, in all but one case. Clinical
cure andmicrobiological eradicationwere achieved in all cases [47].

Another promising option may be represented by telavancin.
In vitro data suggest that an AUC24/MIC ratio of 805 is needed [48].
In subacute endocarditis or chronic intravascular infections where
surgical debridement is not feasible, the chosen antibiotic should
have high penetration and diffusion inside the vegetation [49].
Increased-dosage beta-lactams, administered as a continuous
infusion, as far as daptomycin represent good options.

In chronic vascular infections or in intravenous drug users, long-
acting antibiotics may represent an interesting option [50]. A recent
PK study provided a Bayesian model for accurately forecasting the
schedule of dalbavancin administration to maintain efficacy
thresholds of 4.02 mg/L or 8.04 mg/L against staphylococci during
long-term use for subacute and chronic staphylococcal infections
[51]. Hervochon et al. [52] demonstrated a serum concentration over
efficacy thresholds till 8 weeks after last infusion, with higher serum
concentrations in patients with glomerular filtration rate (GFR) <60
mL/min. TDMmay help clinicians to optimize dosage of dalbavancin
in infections requiring suppressive treatments longer than 4 weeks,
such as in cardiovascular prosthetic infections, improving effective-
ness and safety (clinical success 87.5% in the TDM-guided group vs.
60% of patients treated without TDM) [53]. Limited data are available
for oritavancin as treatment of endocarditis.

Available TDM data for antibiotics used in endocarditis/intra-
vascular infections are summarized in Fig. 2.

TDM for old and new antibiotics in MRSA BJIs

Vancomycin and daptomycin are antibiotics of choice for BJIs
[14], whereas other molecules are less investigated. Efficacy of
high-dose (10 mg/kg/die) daptomycin is currently under investi-
gation for BJIs: a recent systematic review of patients receiving
daptomycin for bone infections found higher success rates with
6e10 mg/kg/die when compared with 4e6 mg/kg/die, probably
because of a better antibiofilm activity [41]. The optimal PK/PD
target of vancomycin in BJIs has not yet been identified. However, it
may be difficult to reach high intra-articular concentrations of
vancomycin [54]. In clinical practice, linezolid is not easy to handle
in patients who need prolonged treatment. A recent study con-
ducted in patients with BJIs treated with linezolid showed a high
cations. Green suggested molecules for MRSA endocarditis and vascular infections, in
IC indicates the fraction of the dosing interval in which the unbound concentration of

cillin-resistant Staphylococcus aureus; TDM, therapeutic drug monitoring.
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percentage of adverse events with need for antibiotic discontinu-
ation [55]. Real-life data on TDM in a case of osteoarticular infection
treated with linezolid showed that a Cmin of 3.7e7.2 mg/mL repre-
sents the goal for efficacy and safety [56]. No data on TDM are
available for ceftaroline, ceftobiprole, and telavancin.

Dalbavancin and oritavancin are interesting options. Available
data suggest that administration of a first dose of dalbavancin at
dosage of 1500 mg followed by a 1500 mg dose after 7 or 14 days is
recommended to ensure adequate antibiotic levels for 4e6 weeks
[57,58]. Inpatientswith creatinine clearence (CrCl)<30mL/min, two
1000 mg doses 1 week apart may be used [59]. When longer dura-
tion is needed, an additional dose of 500mg,1000mg, or 1500mg at
day 36 prolongs the duration of desirable target attainment up to 7,
8, or 9weeks, respectively [60],whereas 1500mg at day 43 prolongs
treatment up to 12 weeks [58]. For dalbavancin, an efficacy
threshold of 4.02mg/L or 8.04mg/L should bemaintained to achieve
fAUC24h/MIC ratio>111.1 [51,57]. In clinical setting, themaintenance
of at least one of the two PK/PD efficacy thresholds increases the
possibility of good clinical outcomes [61]. The use of TDM in clinical
practice can facilitate a precise dosage of dalbavancin in the long-
term management of BJIs [62]. Evaluation of serum levels may be
performed before administration of the second dose (trough con-
centration) and between day 28 and day 35 [57,58], with immediate
dose administration if trough concentration is < 8 mg/L [58]. A
recently developed predictive model may be useful to guide long-
term treatment and identify time points for redosing [51]. Recent
data fromCattaneo et al. [62,63] suggest that a Cmax-based approach
is associated with a significant reduction in the inter-individual
concentration variability and lower dosing frequency than those of
a Cmin-based TDM. For oritavancin, the largest cohort of data comes
from a retrospective multicentre study [64]. In this study, patients
with osteomyelitis received a first 1200 mg dose, followed by three
or four additional 800mg doses for a total therapy duration of 4 or
5 weeks [64]. Multiple doses of oritavancin are associatedwith high
success rate (up to 90%) in patients with BJI, including those with
MRSA infections [64,65]. No standardized TDM protocols still exist;
PK studies demonstrated that mean Cmax obtained from a single
1200 mg dose is 138 mg/mL [66], and AUC/MIC>17.568 should be
achieved in multidose strategies [67]. A recent case series, evalu-
ating oritavancin administration every 10 days, demonstrated a
successful outcome with a Cmin between doses of 1.9 and 4.4 mg/L
Fig. 3. Suggested antibiotics for MRSA bone and joint infections with TDM indications. Green
AUC, area under the plasma drug concentration-time curve, MRSA, methicillin-resistant Sta
(1st European Society of Clinical Microbiology and Infectious Dis-
eases Global, Barcelona, Spain. Abstract O0682).

TDM data for antibiotics used in patients with BJI are summa-
rized in Fig. 3.

TDM and antibiotic toxicity

TDM plays a pivotal role in reducing concentration-related tox-
icities of different anti-MRSA antibiotics. It may be useful to reduce
the risk of nephrotoxicity associated with vancomycin [29]. With
regards to daptomycin, a Cmin <24mg/L and AUC24h< 939mg/hour/L
should be maintained to reduce the probability of creatine phos-
phokinase (CPK) elevation [68]. In patients treated with linezolid,
there is a relation between myelosuppression, especially thrombo-
cytopenia, and linezolid Cmin and AUC24, increasing from 50% in the
presence of Cmin of 6.53mg/L and AUC24, of 280.74mg/h/L to >95% in
the presence of Cmin of 9.96 mg/L and AUC24 of 343.02 mg/hour/L
[69]. Linezolid clearance is strongly influenced by creatinine clear-
ance because of its significant excretion as intact drug [70]; in
particular, overexposure seems to be significantly associated with
estimated glomerular renal clearance �40 mL/min, whereas under-
exposure is associated with renal clearance >100 mL/min [28]. A
Monte Carlo simulation study suggested to reduce linezolid dose to
300mg q12 h in patientswith an estimated glomerular filtration rate
(eGFR) of <60mL/min [71]. Other factors to take into consideration
for linezolid overexposure are co-medications and age. Among co-
medications, proton pump inhibitors, amiodarone, b-blockers,
cyclosporine, and amlodipine increase plasma concentrations due to
modulation of P-glycoprotein activity [72,73]. Liu et al. [74] recently
reported increased linezolid serum concentration in elderly patients,
with an increase of 10 mg/L in patients aged 65e80 years, followed
by a further increase of 10 mg/L for every 10 years of age.

Challenges in routine TDM in the clinical practice

Although TDM is frequently used in critically ill patients, it is not
routinely performed in patients dealing with long-term treatment.
Limitations to the widespread use of TDM include: (a) wide vari-
ability in the methodology used to perform TDM. Techniques for
clinical and research use include liquid chromatography, immu-
noassay, and mass spectrometry, but these are not available at all
suggested molecules for MRSA bone and joint infections, in yellow second line choices.
phylococcus aureus; TDM, therapeutic drug monitoring.
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sites and protocols are frequently locally developed. Moreover,
when the test is locally developed, external validation using in-
ternational proficiency testing schemes should be performed; (b)
lack of validated ranges for TDM for several anti-MRSA antibiotics.
Strong data are available only for vancomycin. For b-lactams, there
is a paradigm shift about the desired PK/PD target attainment,
especially in critically ill patients and in the setting of Gram-
negative infections. Currently, an aggressive PK/PD target of 100%
fT>4xMIC for b-lactams is recommended, being associated with
increased microbiological and clinical cure and reduced risk of
resistance [75]. In this view, the use of a loading dose followed by a
maintaining dose administered by continuous infusion may be
useful [75]; (c) difficult sampling timing. The sampling time varies
according to prescription strategy (continuous/extended vs. inter-
mittent infusion) and specific antibiotic; (d) need for technologies
and qualified experts for TDM interpretation. Technologies used for
TDM are expensive and not cost-effective for smaller hospitals, and
only trained technicians and top-quality laboratories with specific
expertise in this field should perform TDM [76]. Centralization of
the samples results in prolonged turnaround times and limited
efficiency in routine practice. However, the creation of an operative
platform for TDM evaluation may be useful in the management of
MRSA infections.

Conclusions

Pneumonia, endocarditis, and BJIs caused by MRSA are associ-
ated with high risk of mortality. Several new antibiotics are now
available for treating patients with MRSA infections. TDM for these
drugs may provide unique opportunities for more efficient and
safer treatment. Efforts to implement a wider use of TDM in clinical
practice are needed to overcome limitations related to limited ac-
cess to this strategy in the majority of hospitals.
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