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dDepartment of Orthopaedics and Sports Medicine, Erasmus MC University Medical Center, Rotterdam, The Netherlands; eDepartment of Medical 
Microbiology and Infectious Diseases, Erasmus University Medical Center Rotterdam, Rotterdam, The Netherlands; fDepartment of Medical 
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ABSTRACT
Introduction: Currently, antibiotic treatment is often a standard dosing regimen in bone and joint 
infections (BJI). However, it remains unknown if exposure at the target-site is adequate. The aim of this 
review is to gain more insight in the relationship between the target site concentration of antibiotic and 
the minimal inhibitory concentration to target the bacteria in bone and joint infections (BJI).
Areas covered: A literature search was performed by Erasmus MC Medical library. Bone, bone tissue 
and synovial concentration of antibiotics were covered in humans. In addition, we reported number of 
patients, dose, sampling method, analytical method and tissue and plasma concentrations. We used the 
epidemiological cutoff value (ECOFF) values of the targeted micro-organisms. If more than 3 publica-
tions were available on the antibiotic, we graphically presented ECOFFS values against reported 
antibiotic concentrations.
Expert opinion: For most antibiotics, the literature is sparse. In addition, a lot of variable and total 
antibiotic concentrations are published. Ciprofloxacin, cefazolin, cefuroxime, vancomycin and linezolid 
seem to have adequate average exposure if correlating total concentration to ECOFF, when standard 
dosing is used. With regard to other antibiotics, results are inconclusive. More extensive pharmacoki-
netic/pharmacodynamic modeling in BJI is needed.
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1. Introduction

Bone and joint infections (BJI) are major health problems and 
considered a significant cause of acute and chronic morbidity 
and mortality[1]. The incidence is estimated to be 70 per 100.000 
patients-year and increases with age [2]. In the Netherlands, the 
number of patients with BJI is increasing, probably due to aging of 
the population [3]. Costs associated with the management of BJI 
vary widely, depending among all on the treatment, surgical 
intervention, and associated morbidity [4]. In addition, antibiotic 
resistance is also significantly associated with increased costs in BJI 
[4]. For example, the estimated total hospital cost in the United 
States incurred for prosthetic joint infection grew from 
$365 million in 2001 to $771 million in 2011 [4]. This places 
a substantial burden on the US healthcare system. BJI include 
septic arthritis, prosthetic joint infections (PJI), and osteomyelitis.

In the pathogenesis of BJI, pathogens enter the body after 
a trauma or surgery or by a heamatogenous route from 
a distant focus and spread to the bones and joints. The pre-
sence of foreign material, such as a joint prosthesis, signifi-
cantly reduces the number of bacteria required to cause 
infection[5]. In the case of septic arthritis, an infection of the 

joint, the synovial fluid as well as the adjacent bone structures 
are infected. For osteomyelitis, the infection takes place in the 
bone. The presence of a prosthesis complicates the situation, 
bacteria will be present on the surface of the prothesis as well 
as in the adjacent bone and surrounding tissue. For all BJI, 
apart from bacterial load reduction, proper antibiotic treat-
ment with adequate concentrations at the site of infection is 
crucial. This implies that antibiotics with good penetration 
should preferably be used. Furthermore, too low antibiotic 
concentration can lead to antibiotic resistance and too high 
systemic exposure can lead to toxicity. A 26% incidence of 
acute kidney injury was found after first-stage joint revision for 
infection[6].

Drug distribution to tissue depends on the chemical and 
physical properties of the drug. Some drugs bind in high 
amounts to plasma proteins or blood cells [7], but they also 
bind to tissue proteins as well resulting in an even lower 
availability of the unbound antibiotic fraction and thereby 
potentially lower efficacy, as only unbound drugs are pharma-
cologically active. Other important drug characteristics 
involved are the drug size (molecular weight), degree of ioni-
zation, and lipophilicity [7]. In addition, target tissue 
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characteristics can be of importance, such as the capillary 
fenestration and vascularization of the tissue [8]. The lack of 
penetration of antibiotic at the site of infection might contri-
bute to the complexity of the treatment of these infections. 
Therefore, information on target site concentrations in infec-
tions will give essential additional value to optimise antibiotic 
treatment. It was hypnotized that in steady state there is an 
equilibrium between the unbound concentrations in plasma 
and the unbound concentrations in tissue. However, the 
actual situation is likely to be more complicated. Unbound 
concentrations in plasma might still indirectly give information 
on the concentration at the site of infection. Due to a lack of 
knowledge and for practical reasons, with therapeutic drug 
monitoring (TDM), plasma concentrations are measured dur-
ing treatment as a surrogate.

For TDM, the pharmacokinetic/pharmacodynamic (PK/PD) 
index of these classes of antibiotics best correlated with its 
efficacy is taken into account. Beta-lactam antibiotics are for 
example dependent on the percentage of time (T) that the 
unbound concentrations (f) are above the minimal inhibitory 
concentration (MIC) of the pathogen (%fT>MIC). But for most 
antibiotics the antibacterial effect is correlated with the area 
under the curve of the concentration–time curve of the anti-
biotic (AUC) divided by the MIC. In all indices the unbound 
concentration (free (f), i.e. the part of the total concentration 
that remains unbound to proteins) is used, since this is the 
fraction of the antibiotic concentrations that is active. The 
indices are important to determine whether antibiotics are 
adequately dosed [9,10].

However, currently the choice of the antibiotic is primarily 
dependent on the pathogen detected in the bacterial cultures 
taken from the site of infection and the antibacterial spectrum 
of the antibiotic[11]. Frequently detected pathogens are 
S. aureus, Streptococci and aerobic gram-negative rods. Based 
on these pathogens frequently used antibiotics include beta- 
lactam antibiotics, macrolides, clindamycin, quinolones, as 
well as vancomycin and teicoplanin. The aim of the current 
review is to give an overview of different aspects, especially 
the concentrations in bone in relation to the MICs of the 
pathogens, involved in optimization of antibiotic therapy in 
bone and joint infections. A review of all available literature on 
concentrations at the site of infection is described limited to 

a selection of antibiotics frequently used in BJI, collected both 
by a search of the medical library and gathered reviews. 
Different methods used to determine concentrations at the 
site of infections are described. Lastly, an expert opinion on 
the knowledge of target site concentration of antibiotics in BJI 
is added.

2. Methods

2.1. Information sources

Our search was based on two principles: (a) An Embase litera-
ture search was performed in December 2020 by Erasmus MC 
Medical Library. A search strategy was developed to find 
literature on antibiotic concentrations and penetration in dif-
ferent kinds of tissues in humans. Detailed search terms for 
the literature search can be found in the supplement. After the 
first strategy, we focused on BJI. In addition (a), we studied 
two important reviews [12,13] and their references, to include 
all important aspects of BJI target site concentrations of anti-
biotics. The search was also updated in May 2022 to include 
the latest references.

2.2. Eligibility criteria and study selection

Studies reporting target site concentrations of antibiotics in 
humans were considered eligible for inclusion in this review. 
All classes of antibiotics were included. The screening of title, 
abstract and full text was performed independently by two 
reviewers. Differences were solved by discussion. References 
of included studies were also checked for relevance.

2.3. Data collection process

One reviewer extracted data from the studies included in the 
review. Another reviewer checked the table filled in by the first 
reviewer and questionable items were discussed.

2.4. Study selection and study information

The primary literature search resulted in 2398 articles on the 
subject of antibiotic target site concentrations. Exclusion of 
articles was done according to the article of Bramer et al. [14]. 
Based on title and abstract, 1956 articles were excluded. As we 
focused on BJI, articles were excluded if BJI was not included. 
Other exclusion criteria were animal studies, reviews, not cov-
ering the subject of target site concentrations.

After selection of the studies the following aspects were 
researched: type of bone, antibiotic, number of patients, daily 
dose, sampling and analytical method and plasma concentra-
tion, tissue concentration, calculated bone concentration.

To correlate the exposure to an antibiotic with its efficacy, 
PK/PD indices are used. The index is correlated to the MIC. The 
MIC is generally regarded as the basic laboratory measure-
ment of the activity of an antimicrobial agent against an 
organism or micro-organism. However, measurements of 
MICs are variable and therefore a single measurement of an 
isolate cannot be used to calculate a PK/PD index. The dis-
tribution of all MIC-values from isolates without resistance 

Article highlights

● Antibiotic treatment is often a standard dosing regimen in bone and 
joint infections (BJI).

● Adequate exposure at the target-site is largely unknown.
● Research on target-site concentrations in BJI is sparse and often 

outdated with regard to analywith regard totical or sampling 
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● Variable and total concentration of antibiotic concentrations in BJI 
are reported.

● Ciprofloxacin, cefazolin, cefuroxime, vancomycin, and linezolid seem 
to have adequate average exposure if correlating total concentration 
to ECOFF, when standard dosing is used.

● More extensive pharmacokinetic/pharmacodynamic modeling in BJI 
is needed.

This box summarizes key points contained in the article.

2 B. C. P. KOCH ET AL.



mechanisms form the wild-type distribution. The highest value 
of this distribution is called the epidemiological cut-off value 
(ECOFF) and is typically used to evaluate therapy [15,16]. MICs 
are reported in mg/L. Therefore, to be able to compare con-
centrations in bone, often determined in mg/kg with a MIC, 
the results of the bone concentrations need to be translated 
into mg/L. In order to translate results (bone concentrations 
in mg/kg to mg/L) the bone density can be used. With regard 
to bone density, various results were used for this translation. 
There are different values used in the literature and these vary 
from 1.3 to 1.9 kg/L often specific for the type of bone [17–21]. 
We noticed that obtaining bone samples that are solely cor-
tical or cancellous is difficult. We therefore decided, after 
reviewing the included publications, to calculate all bone- 
concentrations using two values with the factor 1.3 (resulting 
in the lowest value) and with the factor 1.9 for the highest 
value. As a result the uncertainty of the translation using the 
bone density is taken into account. We considered that the 
PK/PD target at the infection site should be the same as 
reported as PK/PD target in blood.

If more than 3 publications were available for a certain 
antibiotic class, we created a figure in which bone concentra-
tions were displayed together with the ECOFF for the several 
relevant micro-organisms. The actual concentration of the 
antibiotic is not of importance, but the unbound concentra-
tion–time profile in relation to the MIC determines the effect. 
We therefore present the data in mg/L in bone/ synovial fluid 
(mean ± 2SD or range if available) and also add the ECOFF of 
commonly treated micro-organisms in the figures. We chose 
to display the concentrations of the antibiotic, reported in the 
publications. In most publications they were total concentra-
tions, although a minority presented free concentrations.

3. Results and discussion

Our research resulted in 77 suitable publications, all contain-
ing information on tissue and plasma concentration in BJI. We 
found most publications on bone (tissue) and 7 publications 
covering synovial fluid. All publications can be found in Table 
S1 (supplemental file). For 11 antibiotics more than 3 publica-
tions were found:, cefazolin, cefuroxime, flucloxacillin, amox-
icillin, linezolid, ciprofloxacin, moxifloxacin, levofloxacin, 
teicoplanin, vancomycin and clindamycin

3.1. Sampling and analytical method

With regard to sampling method, it is important to investigate 
when and how the sample is taken, to evaluate the pharma-
cokinetics. Traditionally, bone samples were taken during sur-
gery or during a biopsy. While these technique have been 
used for many years, there are some factors complicating 
interpretation of the results. The antibiotic will not be distrib-
uted homogenously in the sample. Many samples consist of 
a mixture between cancellous bone and cortical bone. 
Cancellous bone is the trabecular, porous part of long bones, 
and contains a higher proportion of extravascular fluid [22]and 
a lower percentage of inorganic material [23], as compared to 
the more dens cortical bone tissue. This causes differences in 

bone density. However, bone density is also influenced by age 
and other drugs. Antibiotic concentrations in bone samples 
represent the total concentration. Another issue in taking 
bone samples is that to determine the antibiotic efficacy 
a concentration–time profile is needed, but bone samples 
can usually be obtained a single time per patient. The pre-
paration of the bone samples is different between the studies. 
After a bone sample has been obtained, adhering blood, bone 
marrow or soft tissues are often removed from the specimen. 
The effect of this procedure on actual bone antibiotic concen-
trations is not known. There are also studies measuring the 
total sample and correcting for the presence of blood in the 
specimen.

Another more novel sampling technique is microdialysis. 
Microdialysis is a minimally invasive sampling technique that 
is used for continuous measurement of free, unbound analyte 
concentrations in the extracellular fluid of virtually any tissue. 
The microdialysis technique requires the insertion of a small 
microdialysis catheter into the tissue of interest. Microdialysis 
is most often performed in a research setting [24]. One of the 
strengths of microdialysis is that it is a good display how the 
human pharmacokinetics are, as multiple samples during an 
interval can be withdrawn. Although it can be very informative 
in understanding penetration of drugs in many soft tissues, 
the technique has limitations when applied to bone [25]. For 
insertion of the microdialysis catheter, a hole needs to intro-
duced in the bone, resulting in a dead space that may be filled 
with blood clots and extracellular fluid exudations [26].

Measured concentrations may represent those in the dead 
space and the interstitial fluid of the adjacent tissue, but it is 
unknown how introducing a hole into the bone changes these 
concentrations. In addition, it is unknown if the measured 
concentration reflects the normal physiological concentration. 
Furthermore, ethical approval and informed consent can be 
difficult to obtain in patients [27] .

One of the strengths of sampling during surgery and 
biopsy is that is most often performed during a standard 
clinical setting. However, sampling will be less frequent and 
therefore less informative than done during microdialysis. It is 
essential to recognize that the time-course of concentration in 
bone often lags behind that in plasma. It is essential to choose 
correct sample times, and if not in presumed steady state, to 
use pharmacometrics models to predict concentrations at 
steady state and antibiotic exposure (target attainment).

Both approaches, bone biopsies and microdialysis, have 
advantages and disadvantages. However, it is currently 
unknown which of the approaches represent the concentra-
tions at the site of infection the best.

With regard to the analytical methods used, this is important 
to investigate as the sensitivity and selectivity of the method has 
an influence on the analytical results and thus the concentration 
of antibiotic measured. For example, the newer techniques 
being high pressure liquid chromatography mass spectrometry 
(HPLC-MS/MS) or ultra-pressure liquid chromatography mass 
spectrometry (UPLC-MS/MS) are the most innovative and sensi-
tives techniques, whilst disc diffusion and agar tests are nowa-
days not the analytical methods for drug analysis as they are less 
sensitive. Microbiology assays should be interpreted with 
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caution[27]. HPLC in combination with ultraviolet detector and 
immune-assays can be considered as methods in between mass 
spectrometry and microbiology (agar/diffusion) with regard to 
sensitivity and selectivity [28,29].

3.2. PK/PD targets

In Figure 1 we present the data in mg/L in bone/ synovial fluid 
(mean ± 2SD or range if available) and also add the ECOFF of 
commonly treated micro-organisms. As the concentrations in 
bone are usually total concentrations and the MIC represent 
unbound concentrations the figures need to be interpreted 
with caution. Furthermore, the effect of an antibiotic is corre-
lated with its concentration–time profile, rather than with 
a single concentration. Therefore, studies showing more infor-
mation on this profile are discussed in more detail.

3.3. Individual antibiotics

3.3.1. Beta-lactam antibiotics
Beta-lactam antibiotics are the most well-described antibiotics 
in BJI [10,18,23,29–67]. Beta-lactam antibiotics can be categor-
ized in 3 classes: penicillins, cephalosporins, and carbapenems. 
The beta-lactam antibiotics are mostly prescribed for gram- 
positive BJI, although a recent publication also showed that 
suppressive parenteral antibiotic therapy with beta-lactams 
may be necessary in patients with Gram-negative bone and 
joint infection [68].

In our query we found most publications on 4 beta-lactam 
antibiotics: cefazoline, cefuroxime, flucloxacillin and amoxicil-
lin/ampicillin, see Figure 1(a). As only a few (<3) publications 
are found on other beta-lactam antibiotics, it is difficult to 
report any conclusions on the other antibiotics.

Considering the 4 mentioned beta-lactam antibiotics, a lot 
of variation was observed in bone concentrations. Depending 
on the route of administration, intravenous administration 
resulted in higher concentrations than oral administration 
[32,41]. This can also be attributed to the sampling scheme. 
It takes longer after oral administration to reach the correct 
concentration. Sampling is often too short following adminis-
tration, to compare oral and intravenous administration 
correctly.

Cunha et al. [36] found different bone concentrations for 
three cephalosporines. Cefazolin had the highest bone con-
centrations (average concentrations above ECOFF), followed 
by cefradine and the lowest concentration was measured for 
cephalothin. All measured concentrations are total concentra-
tions, unless stated otherwise. As the protein binding can very 
different, e.g. cefazolin with high protein binding, it is unclear 
how much active agent (unbound antibiotic particles) is pre-
sent at the site of infection. Cefazolin protein binding in 
plasma is reported to be more than 85% at low concentrations 
[69].

With regard to the investigated cephalosporins, the time to 
reach peak cephalosporin bone levels was similar in patients 
undergoing total hip replacement when compared to those 
patients undergoing total knee replacement, but the peak 
bone levels were much lower in total knee replacement than 
in hip replacement [36].

With regard to cefuroxime, 7 publications were found 
[32,38,40,56,62,63,65]. In Figure 1(a) 5 publications are 
shown, as 2 reported undetectable cefuroxime concentrations. 
In Figure 1(a), it can be seen that the average measured 
concentration was above the ECOFF of 8 mg/L for E. coli and 
Klebsiella pneumoniae and the ECOFF of 4 mg/L for S. aureus 
and 0.125 mg/L for S. pneumoniae. Hanberg et al. performed 
a study in cefuroxime (dosed 1.5 g) in calcaneal cancellous 
bone using microdialysis. The unbound cefuroxime concentra-
tions in bone was above the ECOFF for S. aureus (4 mg/L) for 
~75% of the dosing interval and for the ECOFF of 8 mg/L for 
E. coli and K. pneumoniae, this value was also relatively high 
(~62%fT>MIC) [40]. Another publication covered a 1.5 g dose 
of cefuroxime in synovial fluid using microdialysis, showing 
a %fT>MIC of 100% for all patients taking into account an 
ECOFF of 4 mg/L (S. aureus). This percentage decreased to 
around 75% including all patients [56]. As protein binding of 
cefuroxime in plasma is considered to be relatively low, 
around 30% [70], it is possible to conclude that in standard 
dosing of cefuroxime PK/PD targets are most often reached.

For amoxicillin/ampicillin 5 publications were found, all in 
bone[23,30,39,48,65]. All assays described were microbiology 
assays. Highly variable concentrations were observed as can 
be seen in Figure 1(a), so no definite conclusion can be drawn, 
but it is recommended to use the 2 gram intravenous doses to 
treat bone infections. However, it must be pointed out that for 
a significant part of the patients the PK/PD target is not 
reached, especially in maxillary and mandibular bone

The same applies to flucloxacillin, described in seven pub-
lications, all in bone and 1 also presenting results in synovial 
fluid [32,41,43,48,58,59,66]. In Figure 1 results of 5 studies are 
shown, as 1 study was on bone washing with deviating values, 
and 1 publication reported strange values. Flucloxacillin is 
most often used for S. aureus infections. In half of the publica-
tions the ECOFF of 1 mg/L was reached.

But fortunately the magnitude of the PK/PD index needed 
or efficacy is very low [71]. So, despite protein binding is high 
and also variable (> 95% in plasma [72],), the high intravenous 
doses of 2 gram are likely to reach efficacious levels at steady 
state.

Concluding, beta-lactam antibiotics are often researched in 
BJI. Cefazolin total concentration seems high enough com-
pared to ECOFF values, but it is essential to know the free 
concentration as cefazolin protein binding is high. Cefuroxime 
dosing is likely to be high enough to reach PK/PD target in 
standard micro-organisms. For amoxicillin and flucloxacillin, it 
is difficult to draw any conclusion, but based on recent litera-
ture and information provided, high dosing of flucloxacillin 
seems to lead to adequate exposure. For amoxicillin, high 
dosing is recommended, although a significant part of patient 
will not have adequate exposure, based on our review of 
literature.

3.3.2. Linezolid
In our search we found five publications [73–77] presenting 
bone concentrations of linezolid, as can be seen in Figure 1(a). 
Linezolid is an oral and intravenous antibiotic, often pre-
scribed for weeks, often against S. aureus and S. agalactiae. 
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Considering ECOFFs S aureus 4 mg/L, (S. agalactiae 2 mg/L and 
E. faecium 4 mg/L, most average concentrations are above 
ECOFF, although a lot of variation in concentrations is 
observed in all publications. Linezolid protein binding in 
plasma is reported to be around 30%[78].

As already introduced in our method section, sampling time 
is an important factor, as this is illustrated by Wen et al. [77]. 
They present that samples only collected between 200 and 
510 minutes after administration of the drug, resulted in good 
linearity between bone and plasma. Linezolid penetration from 

Figure 1. Bone and synovial fluid total concentration plots (mean with error bars) for various antibiotics, extracted from the included studies (x-axis). Where available, it is 
indicated whether the unbound concentration was measured. The numbers of samples (n) are presented per study. With regard to bone density, a low (1.3) and a high (1.9) 
concentration factorization was used. The dotted horizontal lines indicate the intercept with the EUCAST epidemiological cut-off (ECOFF) breakpoints of commonly treated 
micro-organisms in the context of antibiotic. 
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plasma to bone stabilized after 3 hours. Li et al. found that 24 h 
after administration, linezolid still had a good penetration into 
infected bone tissue [[74].

Most studies only reported concentrations, although it is 
known that the best PK/PD index for linezolid is fAUC/MIC. 
A free-drug concentration above MIC (fT>MIC) >85 – 100% 
of the interval administration and an area under the curve 

of free drug and MIC ratio (fAUC24/MIC) of 80–100 mg * h/L 
have been associated with favorable clinical outcome and 
microbiological eradication with less emerging resistance 
[79–82]. Schwameis et al. [76] reported fAUC of linezolid in 
synovial fluid, using microdialysis. They found an average 
fAUC of 86.8 ± 47.0 mg*h/L after a single dose of 600 mg. 
This could implicate that the standard dosing of linezolid 

Figure 1. (continued.) 
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twice daily is enough to reach the appropriate AUC in 
synovial fluid.

3.3.3. Glycopeptides: vancomycin and teicoplanin
We found five publications on vancomycin [63,67,83–85]and 4 
on teicoplanin in bone[66,86–88]. Bue et al. reported vancomy-
cin AUCs of different matrices, among all bone. The study was 
performed by means of microdialysis. It can be seen that there is 
a significant difference between the different matrices. The fAUC 
as reported in this study was 2636 (1527–3744) min*μg/ml for 
cancellous bone and 1016 (661–1371) min*μg/ml for cortical 
bone [83]. These values are much higher than the magnitude 
of the PK/PD index correlated with efficacy. The ECOFF of 
S. aureus is 2 mg/L. The other studies reported only concentra-
tions. All of them are shown in Figure 1(b).

Glycopeptides are used against staphylococci in BJI. For both 
teicoplanin and vancomycin a lot of variation is observed. In 
general, the concentration reached in bone is above the ECOFF 
of S. hemolyticus or S. epidemidis infections, however since the 
magnitude of the PK/PD-index for these staphylococci is 
unknown, no conclusion can be drawn. Regional administration 
of teicoplanin seemed to result in adequate levels in knee 
arthroplasty [87]. Two studies compared the use of systemic 
administration of teicoplanin to the administration of a lower 
dose by regional intravenous administration after the tourniquet 
was inflated. They found higher concentrations after regional 
administration, even more taking into account that lower doses 
were administered regional as compared to systemic (200 mg or 
400 mg regional vs 800 mg systemic) [87,88]. Protein binding for 
vancomycin in plasma is around 35%, and that for teicoplanin is 
> 95% [89].

In conclusion, with regard to vancomycin, concentrations 
seem high enough, although a lot of variation is observed, 
using standard dosing. For teicoplanin, no conclusion can be 
drawn.

3.3.4. Quinolones
With regard to quinolones, we identified 5 studies on cipro-
floxacin [27,90–93], 3 studies on levofloxacin [94–96] and 3 
studies on moxifloxacin in bone (tissue) [21,96,97]and 1 on 
moxifloxacin and synovial fluid [98]. One study reported on 
fleroxacin [99]. For all quinolones the concentrations in can-
cellous bone were higher as compared to those in cortical 
bone. This is in line with different AUCs as reported for van-
comycin by Bue [83].

Most studies focused on cipofloxacin, as this is the most used 
quinolone. We found 5 studies, covering bone concentrations. 
As can be seen in Figure 1(b), showing only 4 studies as one did 
not report any values, a lot of variation is observed.

A recent publication by Landersdorfer et al. presented 
a physiologically based (PB)/ PK model, establishing area 
under the curve, including an analysis on the probability of 
target attainment (PTA) [27]. They showed that depending on 
the micro-organism the target is reached. For example, at 
steady state, for E. coli and Enterobacter cloacae a PTA of 
100% is reached for both types of bone at standard dosing 
regimen. For P. aeruginosa, the use of a high dose regimen of 
3dd 400 mg is supported by these data (PTA >95%) while with 
2 dd 400 mg only 75% for cancellous and 82% for cortical 

bone is reached. In S. aureus, ciprofloxacin maximum 
approved daily dosing would not be sufficient for all wild- 
type S. aureus to reach PTA. However, ciprofloxacin for 
S. aureus is always used in combination with rifampicin to 
prevent the emergence of resistance.

With regard to levofloxacin, all studies reported cancel-
lous and cortical bone. Levofloxacin is sometimes used in 
E. coli infections. In all studies, as can be seen in Figure 1(b), 
the average concentrations in bone are above the ECOFF of 
this bacteria. With regard to E. faecalis the mean levoflox-
acin concentration is higher in cancellous bone, but also 
a lot of results values are below the ECOFF. Even more 
variable results are seen in cortical bone. Since the efficacy 
is correlated with an AUC/MIC no definite conclusion can be 
drawn, but it is in line with the fact that the European 
Committee on antimicrobial susceptibility testing (EUCAST) 
does not recommend to use levofloxacin for Enterococcal 
bone infections. It must be noted that these are measured 
total concentrations, an unbound area under the curve, 
which is the preferred parameter for target attainment in 
quinolones, is not calculated.

Rimmelé also reported synovial fluid in mg/kg. As we did 
not find any guidance how to interpret this with regard to 
ECOFF in mg/l we find it difficult to interpret this finding [95].

Moxifloxacin shows similar results, concentrations are often 
higher than the ECOFF values, although a lot of variation is 
also observed. It must be noted that there is no clinical break-
point for E. faecalis, that is supported by our data. All publica-
tions reported concentrations and not an area under the curve 
profile, which is needed to correlate with efficacy.

With regard to protein binding, quinolones seem to have 
a constant binding protein binding around 30%, which has no 
clear role in therapeutic effectiveness or toxicity[100].

To summarize quinolones, ciprofloxacin seems to have 
average concentrations in BJI using standard dosing above 
ECOFF in in BJI. For moxifloxacin and levofloxacin, no conclu-
sion can be drawn at this moment.

3.3.5. Clindamycin
Clindamycin belongs to the group of lincomycines. As it is 
possible to administer it both parenterally and orally, it is 
often used as long-term therapy in bone infections, with 
susceptible pathogens. Most studies with clindamycin were 
carried out in the 70s, using different techniques of laboratory 
analysis than nowadays, most used bioassays[12]. Studies 
seemed to report good bone penetration, although it must 
be noted that only total concentration are shown and not the 
(active) free concentration. We found 8 studies reporting bone 
concentration [55,60,61,67,101–104], as can be seen in 
Figure 1(b).

As the most targeted pathogen is S. aureus, we reported 
the bone concentration related to the ECOFF of S. aureus. As 
can be seen, all studies report an average concentration well 
above the ECOFF, although as in all other studies, a lot of 
variation was observed. The PK/PD index for clindamycin is 
also fAUC/MIC and none of the studies report the AUC. Protein 
binding is concentration-dependent but high in plasma, with 
> 85% reported[105].
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One study reported clindamycin concentrations in synovial 
fluid [106]. If we do calculate the AUC, based on this study 
from Deodhar in 1972, the calculated AUC0-4hrs in serum is 
12.4 mg*h/L and synovial fluid 2.73 mg*h/L, using 
a trapezoidal calculation [106]. To our knowledge, we cannot 
find a PK/PD index in the literature for clindamycin, related to 
efficacy. Due to above-mentioned reasons, no conclusions can 
be drawn with regard to clindamycin.

3.3.6. Other antibiotics
In addition to the above-mentioned antibiotics, we found 
additional publications on metronidazole, sulfamethoxazole 
(co-trimoxazole), daptomycin, erythromycin, tobramycin, gen-
tamicin, doxycycline, and rifampicin. Although a search on 
these antibiotics did not result in > 3 publications, we still 
reported them in our table (supplemental file). As results, due 
limited information, must be interpreted with caution, we still 
decided to give some details on these antibiotics.

For both daptomycin [52,107,108] and gentamicin 
[58,61,62] 3 studies were available per drug. With regard to 
daptomycin these covered bone (tissues) and concentrations 
were all measured with HPLC methods. The authors report 
that daptomycin seems to be effective in bone with low-MIC 
Enterococcus and staphylococcus infections. For gentamicin 3 
studies reported bone concentration in hip, knee, femur and 
intervertebral disk, with different analytical techniques. The 
tissue concentration in comparison to the plasma concentra-
tion was much lower in all 3 studies. Tobramycin was covered 
in 1 study, using bone washing [66]. This technique is different 
from those used in other studies and it is unknown how to 
correctly interpret the results.

The penetration of metronidazole was reported only once in 
a publication from 1982. After oral dosing of 600 mg synovial fluid 
concentrations were reported, showing similar AUCs in synovial 
fluid and serum (181 mg*h/L and 171 mg*h/L, respectively) [109].

Doxycycline, reported in 3 studies with a microbiology agar 
method, showed variable concentrations. The studies are from 
the 70s and no conclusion can be made what the target site 
concentration is [60,110,111].

For trimethoprime/sulfamethoxazole/ (TMP/SMX) 2 stu-
dies are reported in the 80s, using HPLC [112,113]. An 
AUC0-24h can be calculated after 2 doses of antibiotics; 
after 960 mg TMX/SMX an AUC for TMP is 44.8 in plasma 
and 33.8 mg*h/L in synovial fluid and 645.8 in serum and 
391.8 mg*h/L in synovial fluid [112]. For both TMP and SMX 
the AUC is significantly lower in synovial fluid, but this is 
only based on 1 old study and based on total concentra-
tions of SMX and TMP.

with regard to erythromycin, described in two small studies 
from the 70s, using microbiology methods, results are too few 
to report any interesting findings [57,60] .

Last but not least, rifampicin, which is only used in combination 
therapy in BJI, was presented in 2 studies. The studies used micro-
biology analytical methods, showing variable results. Multiple dos-
ing resulted in a significant increase in bone concentration of 
rifampicin[114]. Infected and non-infected groups did not signifi-
cantly differ in bone concentrations[115].

3.4. Limitations

Considering antibiotic bone concentrations relatively limited 
data were published over many years. As a consequence, 
various analytic methods were used, which complicates the 
comparison of the results due to potential differences in sen-
sitivity. For example, the concentration of moxifloxacin was 
measured with the cup-plate agar diffusion method and com-
pared to a reference measured with HPLC-UV. However, we 
observed a good correlation between the study results of both 
analytical methods for moxifloxacin [116]. This suggests that 
comparisons can be made in some cases. Also, multiple-dose 
concentrations are more reliable than single dose because it 
probably takes some time to reach the steady state concen-
tration at extravascular sites than in serum. In this review we 
have included single dose and multiple-dose studies for com-
parison. Since after the onset of antimicrobial treatment the 
chance of detecting the causing micro-organism reduces with 
time, samples for bacterial culture are taken as soon as possi-
ble. Since specimens for bacterial culture and for determina-
tion of antibiotic concentration are taken at the same time, 
many studies took samples after a single dose.

Another important limitation is that the methods used to 
obtain bone samples are not standardized and they are 
rarely validated [8]. All methods also have their drawbacks. 
In most studies bone fragments are used that were 
obtained during surgery. Those fragments are afterwards 
homogenized as a single sample, while they consists of 
multiple components (trabecular and cortical bone) with 
different tissue characteristics [117]. This means if tissue 
concentrations are determined by homogenizing tissue, 
this is not necessarily informative with respect to antibiotic 
concentrations at the site of infection. In addition, when 
validating an assay for synovial fluid and bone, residues of 
blood constituents can affect the analytical result. with 
regard to synovial fluid, erythrocytes can be measured to 
exclude if blood is present in the sample. with regard to 
bone and bone tissue, the samples need to be washed 
before storage to exclude any blood residues. In the labora-
tory the samples need to be prepared, standards, quality 
controls and patient samples via a standard operating pro-
cedure. As everything is checked with external quality con-
trols and the influence of matrix is researched in the 
validation parameters, this does not have to be a problem.

Most infections are located in the extracellular compart-
ment [117]. When antibiotics are mainly distributed in extra-
cellular compounds, such as ß-lactams, grinding tissue for 
measurements is an underestimation of the concentration 
because intra- and extracellular fluid is mixed. When drugs 
are distributed in cells, like fluoroquinolones and macrolide, 
this leads to overestimation of tissue concentrations [117]. 
Penicillin is highly hydrophilic, so they are distributed in the 
extracellular space. Quinolones are less hydrophilic. 
Furthermore, penetration of quinolones seems to be par-
tially due to a passive mechanism (pH and temperature 
dependent). Additionally, active transport is also pre-
sent [118].

8 B. C. P. KOCH ET AL.



To prepare the bone fragments different protocols are used 
to account for the contamination with blood in the fragment, 
washing the sample or using a correction factor. Some other 
studies used bone washings. More recently, microdialysis is 
used. However, this method has its concerns, such as it is 
unknown what the impact is on the local environment of the 
hole that needs to be made in the bone. Since it is more 
invasive, there are also ethical challenges. In contrast to the 
use of bone fragment, multiple samples per patients can be 
obtained to calculate concentration-time profiles in time using 
unbound concentrations. In studies using bone fragments, 
only one sample per patient is usually obtained. As a result, 
no concentration–time profile can be obtained. With fluid 
sampling, such as synovial fluid, homogenization is not 
a problem. If synovial fluid is withdrawn during a surgery, 
often only 1 sampling moment is possible directly prior or 
after opening of the joint capsule.

In many studies plasma and local tissue concentrations of 
different antibiotic agents are compared to each other, while 
in fact the efficacy of each of the antibiotics cannot be com-
pared based on absolute concentrations. A minimum expo-
sure is needed in relation to the wild-type distribution of the 
microorganisms. An antibiotic with a lower concentration and 
a very low MIC distribution can be more efficacious compared 
to an antibiotic with higher concentrations in case the MIC 
distribution is also much higher. For adequate anti-infective 
treatment, the balance between good tissue penetration and 
the MIC distribution should be adequate [8]. Therefore, the 
ECOFF is included in our figures with the antibiotic 
concentrations.

Depending on the tissue characteristics, it can take a while 
before the maximal concentration is reached, or an equili-
brium is present, see Figure 2. Timing of the samples is there-
fore very important, which is observed, for example, in 
quinolone studies[12,27]. Sampling short after the first dose, 
might give an underestimation of the local tissue concentra-
tion. PK characteristics such as absorption and distribution of 

the individual drug need to be investigated before sample 
times are set.

In addition, most studies only reported concentration after 
a single dose of antibiotic, which is frequently done as pro-
phylaxis, but not in treatment. It is therefore not possible to 
conclude that the concentration is too low after just 1 dose. 
These conclusions and studies should be interpreted with 
caution.

Furthermore, interpretation of the data by the authors 
needs careful reading. For example, in Chambers et al, ertape-
nem was studied in osteoarticular infections, using bone sam-
ples[35]. For S aureus no ECOFF is determined, but values of 
1 mg/L are available. For E. coli there is a tentative ECOFF of 
0.03 mg/L. The authors calculated the PTA for various MICs 
and percentage of time, however they calculated the PTA for 
values as used for MICs but in mg/kg and total concentrations. 
This is incorrect as ertapenem has a high protein binding and 
a lot of variation is observed. This illustrates the complexity 
and difficulties facing the interpretation.

Most studies only report individual and total concentra-
tions. As both time-dependent and concentration-dependent 
antibiotics are used in bone and joint infections, it is important 
to determine the correct pharmacokinetic parameters, which 
is associated with outcome. As in concentration-dependent 
antibiotics, the AUC is considered most relevant, it seems 
appropriate to calculate the AUC of these antibiotics. This is 
however only seldom performed. Most studies are carried out 
in the 70s.

With microdialysis both free concentration and PK curves 
can be established, which is more realistic and gives more 
insight in the real setting. We only found 4 microdialysis 
studies.

In literature, PK/PD targets are described are usually based 
on thigh or lung infection models. It is often assumed that the 
target value (e.g. %fT>MIC of fAUC/MIC) as found in these 
model is the same for other infections. However, it has not 
been proven that targets required for bone infections are the 
same.

Except for studies performed with microdialysis and some 
studies in synovial fluid, all studies measured total concentra-
tions. As it is of importance to determine the efficacy to 
distinguish between bound and unbound fraction of the 
total concentration, this limits the interpretation of the results. 
Some antibiotics, such as flucloxacillin are usually highly 
bound to proteins in blood and therefore high total concen-
trations need to be reached. As the protein binding in bone is 
not known, it is not possible to recommend optimal dosing 
regimens.

Furthermore, dose–fractionation studies and dose– 
response studies to determine the index best correlated with 
antibacterial effect and the magnitude of the driver needed to 
reach an antibacterial effect are performed in neutropenic 
mice. This is important to describe the effect of the antimicro-
bial on the pathogen, without interference of the immune 
system. The evidence that links outcome of patients with 
concentrations in tissues is scarce. In clinical patients many 
more factors are involved and it is believed that these values 
are minimum values indicating a potential efficacy.

Figure 2. Schematic overview, showing distribution of antibiotic through the 
different body fluids. It is adapted from Reference 8. In synovial joints, the lining 
cells do not have tight junctions with their neighboring cells and they have no 
underlying basement membrane. Therefore, the synovial fluid within the articu-
lar cavity is continuous with the interstitial fluid of the synovial intima. We 
would consider synovial fluid as interstitial fluid. Bone is considered as tissue. 
Re-used with permission from [8].
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3.5. Factors influencing target site concentration

As already touched lightly on in the introduction, there are 
several factors that influence the tissue penetration: protein 
binding, size, lipophilicity, degree of ionization, which are drug 
characteristics. In addition, there are target tissue characteris-
tics, such as capillary fenestration, and penetration in inflamed 
tissue [8].

with regard to drug characteristics, protein binding is 
important. When bound to large proteins, such as albumin, 
antibiotics cannot move across the capillary wall (Figure 2). 
Another factor is the lipophilicity of a drug. The more lipophi-
lic the drug is, it can move easier across the capillary wall by 
traversing trough capillary endothelial cells. Hydrophilic drugs 
can only move in capillary wall fenestrations [119]]. The third 
factor is degree of ionization. If the drug is ionized at physio-
logical pH, the drug has more difficulties moving through lipid 
membranes [120].

When focusing on target tissue characteristics, capillary 
fenestration and vascularization are of importance. Bone is 
less vascularized than, for example, liver, leading to lower 
antibiotic concentration, at least in the initial phase of therapy 
[12,27,45].

4. General conclusion

In this narrative review the evidence is described whether 
mostly used antibiotics in the treatment of bone and joint 
infections reach adequate target tissue concentrations based 
on the current PK/PD knowledge. For many years studies on 
concentrations in bone have been performed. However, all 
different methodologies have their own challenges. As is it 
nowadays known that the efficacy of an antibiotic is correlated 
with the exposure in time in relation to the MIC of the patho-
gen, presented as the fAUC/MIC or the %fT>MIC, most data 
are difficult to interpret. Concentration–time profiles of the 
antibiotic at the site of the infection are needed to compare 
them to the PK/PD targets known in the literature associated 
with bacterial kill. These targets are often plasma- 
concentration based.

Focusing on the limited number of studies reporting 
a concentration–time profile suggested that the studied regi-
men result in adequate concentrations. This has been seen in 
synovial fluid for linezolid with the dose of 2 times 600 mg 
daily. For metronidazole the evidence is more circumstantial 
since the PK/PD target value is unknown. But the exposure in 
synovial fluid was found to be quite similar to those in serum, 
indicating that it is likely adequate. For cefuroxime, microdia-
lysis supported the regimen of of 3 times 1500 mg to be used 
for S. aureus, E. coli and K. pneumoniae. Also, vancomycin 
doses of 1000 mg resulted in adequate concentrations in 
bone to treat S aureus. For ciprofloxacin, a study used bone 
fragments and analysed all data simultaneously in 
a population PK analysis. Though the number of sampling 
was limited per patient, this analysis technique also allows to 
calculate an exposure in time. The popPK model supported 
the use of 500 mg twice daily of ciprofloxacin for E. coli and 
Enterobacter spp and also suggests to use the high dose in the 
treatment of Pseudomonas aeruginosa.

From studies reporting a single measurement per patient 
several conclusions can be drawn. Overall, the concentrations 
in cancellous bone are higher as compared to those in cortical 
bone. Total concentrations in tissue were lower than concen-
trations in plasma. After oral administration tissue concentra-
tions were considerably lower than after iv administration. In 
some cases, the tissue concentrations after oral administration 
were even undetectable. Most studies reported concentration 
after singe administration. Concentration increase, even more 
after oral administration, and this should be taken into con-
sideration if an antibiotic is given in BJI.

To summarize, ciprofloxacin, cefazolin, cefuroxime, fluclox-
acillin, vancomycin and linezolid seem to have adequate aver-
age exposure if correlating total concentration to ECOFF, 
when standard dosing is used. With regard to other antibio-
tics, exposure to daptomycin seems to be sufficient in low MIC 
infections. For all other antibiotics, no conclusions can be 
made.

5. Expert opinion

Tissue penetration depends on the antibiotic agent and the 
degree of infection. In addition, targeted tissue and local vascu-
larization are important factors. Articles described in this review 
show that synovial fluid is more accessible than bone. Antibiotic 
concentrations are relatively low compared to plasma/serum 
concentrations at the site of orthopedic infections. Low target 
site penetration can be caused by multiple factorsfor example, 
the protein binding of the antibiotic agent. Because of the 
limited research performed in the area, it is unclear if these 
low concentrations at the site of infections can result in thera-
peutic failure and bacterial resistance. Moreover, unnecessary 
overdosing of antibiotics may cause preventable side effects, 
such as kidney failure. There is limited data about the therapeu-
tic concentrations at infection sites. Furthermore, information 
available, is often from obsolete methods, using single measure-
ments. Newer techniques, using multiple concentrations, and 
calculating relevant PK/PD targets need to be used to gain more 
knowledge on relevant target-site concentrations and optimal 
dosing regimens. When dosing regimen can be based on target 
site concentrations, treatment can be more effective and unne-
cessary side effects can possibly be avoided. More research has 
to be done concerning the best ways of sampling, validating 
measuring methods and unraveling the clinical importance of 
knowledge of target site concentrations.

Most of the PK/PD studies to determine dosing regimens 
are based the studies used to determine the dosing regimen 
are performed in blood of mice and use thigh or lung infection 
models. It seems essential to investigate in the future in 
studies determining the local targets in bone in addition to 
the traditional PK/PD targets. The PK/PD index value for anti-
microbial effect in bone is unknown. And thus, should be 
investigated in near future. Other variables, such as variety in 
bone, patient factors, and infection characteristics should be 
taken into account in this type of research.

Furthermore, since the efficacy of antibiotics is correlated 
to the exposure and not to a single measurement, future 
studies should be performed in such a way that the 
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concentration–time profiles of the antibiotics can be deter-
mined. This can be done either by performing a study with 
microdialysis or with a population PK analysis of data from 
multiple patients. Since the most optimal method is unknown 
and all methods have their own limitations, it could be helpful 
to perform studies with multiple methods.

Based on the available data, current antibiotic regimens for 
some antibiotics (cefazolin, cefuroxime, linezolid, flucloxacillin, 
vancomycin, ciprofloxacin and daptomycin) are likely to be 
adequate for many patients and pathogens. However, the 
variability in concentrations is large and therefore it might 
be recommended to use high doses when possible.

If PK/PD or PB/PK models using multiple and subsequent 
bone and synovial fluid concentrations, can be build and 
validated, correlating bone unbound concentrations of anti-
biotics to plasma concentrations, therapeutic drug monitoring 
(TDM), using plasma concentrations in clinical care, can be 
used to optimize treatment. At the moment taking individual 
samples in bone in a clinical setting is not useful, since it is 
unknown how the results should be interpreted. Due to 
observed variation, we recommend (especially if a certain 
wild-type pathogen is found), to use TDM, to have a some 
more information. Another possibility is to increase antibiotic 
dosing if possible.

To conclude, although there is wide variation in measure-
ment techniques and concentration outcome in bone and 
synovial fluid, this review provides an overview of the calcu-
lated concentrations, which can guide treatment choice. For 
optimal treatment or based on the clinical setting, especially if 
a certain wild-type pathogen is found, TDM may be indicated.
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