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Although antibiotics whose epithelial lining fluid (ELF) concentrations are reported high tend to be preferred in treatment of 
pneumonia, measurement of ELF concentrations of antibiotics could be misled by contamination from lysis of ELF cells and 
technical errors of bronchoalveolar lavage (BAL). In this review, ELF concentrations of anti-methicillin resistant Staphylococcus 
aureus (MRSA) antibiotics were interpreted considering above confounding factors. An equation used to explain antibiotic dif-
fusion into CSF (cerebrospinal fluid) was adopted: ELF/free serum concentration ratio = 0.96 + 0.091 × ln (partition coefficient 
/ molecular weight1/2). Seven anti-MRSA antibiotics with reported ELF concentrations were fitted to this equation to see if their 
ELF concentrations were explainable by the penetration capacity only. Then, outliers were modeled under the assumption of 
varying contamination from lysed ELF cells (test range 0-10% of ELF volume). ELF concentrations of oritavancin, telavancin, 
tigecycline, and vancomycin were well described by the diffusion equation, with or without additional impact from cell lysis. 
For modestly high ELF/free serum concentration ratio of linezolid, technical errors of BAL should be excluded. Although teico-
planin and iclaprim showed high ELF/free serum ratios also, their protein binding levels need to be cleared for proper inter-
pretation. At the moment, it appears very premature to use ELF concentrations of anti-MRSA antibiotics as a relevant guide for 
treatment of lung infections by MRSA. 
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Introduction

In a review of our own [1], we raised the idea that various 

epithelial lining fluid (ELF)/serum concentration ratios of an-

tibiotics might be understood with their protein binding, pen-

etration capacity, potential contamination from intracellular 

concentrations, and possible technical errors of bronchoalve-

olar lavage (BAL). With an equation reflecting protein binding 



Kiem S, et al. • ELF concentrations of anti-MRSA antibiotics www.icjournal.org220

and penetration capacity through cellular barrier, low ELF 

concentrations of beta-lactams could be explained with poor 

penetration of their free fraction through the tightly linked al-

veolar epithelium. High ELF/free serum concentration ratios 

of macrolides, fluoroquinolones could be explained with lysis 

of ELF cells, mainly alveolar macrophages, which might occur 

during the process of measurement. There existed outliers not 

fitting to the model. However, other possible technical errors - 

overestimation of the volume of ELF due to prolonged dwell-

ing time of BAL fluid, improper volume of instilled fluid, con-

tamination of blood etc. – might explicate the gaps. Therefore, 

our model was believed to explain various ELF/serum con-

centration ratios of antibiotics, either they were lower or high-

er, without imagination of additional mechanisms such as ac-

tive transport system in the alveolar epithelium, existence of 

which is doubtful. 

In this review, we focused on ELF concentrations of an-

ti-MRSA(methicillin-resistant Staphylococcus aureus) antibi-

otics. MRSA is one of the most prevalent pathogens of nosoco-

mial pneumonia, and is also becoming an important 

pathogen causing community-acquired pneumonia. While 

just a few anti-MRSA antibiotics were included in our previ-

ous review, several other reports on the topic have been pub-

lished recently. 

Materials and Methods 

1. Data Sources
For the evaluation, Medline (January 1993 to May 2014) was 

searched for BAL measuring concentrations of anti-MRSA an-

tibiotics in ELF. Only human studies are included. Data on an-

tibiotic concentrations measured simultaneously in serum, 

ELF, and alveolar macrophages were preferred. Under the cri-

teria, the following 7 anti-MRSA antibiotics from a total of 9 

publications were included in the evaluation: Iclaprim [2], 

Linezolid [3-5], Oritavancin [6], Teicoplanin [7], Telavancin [8], 

Tigecycline [9], and Vancomycin [6, 10, 11].

2.  Steps simulating estimated ELF concentrations of 
antibiotics

1) Lipophilicity and diffusibility of antibiotics were consid-

ered. Unbound free antibiotics in serum are considered to 

freely equilibrate with the interstitial levels of antibiotics. 

However, because alveolar epithelial cells are linked by tight 

junctions, interstitial antibiotics must pass through the alveo-

lar epithelial cells to reach ELF. Penetration of antibiotics 

through the cellular barrier is mainly influenced by lipophilic-

ity and diffusibility of the drugs, which is similar to drug pene-

tration through blood-CSF(cerebrospinal fluid) barrier. Thus, 

the following equation was adopted from a study evaluating 

drug entry into CSF through the blood-CSF barrier to express 

ELF-to-serum level ratios of antibiotics [12]. 

 

Celf/Cfs (or AUCelf/AUCfs) = 0.96 + 0.091 · ln (PC · MW-1/2) = K

Celf/Cfs, the ratio of ELF concentration/free serum concentration

A UCelf/AUCfs, the ratio of area under the curve (AUC) in 

ELF/free AUC in serum

PC, octanol/water partition coefficient

MW, molecular weight

Physical and chemical properties of the antibiotics investi-

gated are presented at Table 1. Partition coefficient of teico-

planin was not found throughout publications that constant K 

expressing penetration capacity could not be calculated. 

Therefore, for the constant K of teicoplanin, CSF/free serum 

AUC ratio of the antibiotic from a study was adopted [13]. 

Table 1.  Physical and chemical properties of the antibiotics investigated

Antibiotics Protein binding (%) Partition coefficienta (Log) Molecular weight Constant Kb

Iclaprim 93   2.198    354.40 1.153

Linezolid 31   0.432    337.35 0.786

Oritavancin 99   4.099 1,793.10 1.478

Teicoplanin 90 1,564.3-1,907.7 0.7-0.23c

Telavancin 93   0.632 1,755.63 0.753

Tigecycline 60 -0.851    585.65 0.492

Vancomycin 55 -1.439 1,449.25 0.327
aSciFinder Scholar database (American Chemical Society 2007).
bConstant K = 0.96 + 0.091 · ln (partition coefficient / molecular weight1/2).
cCSF(cerebrospinal fluid)/free plasma area under the curve ratio adopted from a study evaluating CSF penetration of teicoplanin. 90% of protein binding was considered 
also (Reference 8).
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2) Potential lysis of ELF cells was considered. Lysis of some 

fraction of ELF cells, consisting around 3~10% of ELF volume, 

would influence the measured ELF concentrations of antibiot-

ic. In that case, original ELF concentrations without contami-

nation from cellular component can be calculated as follows. 

mCelf × (Velf + Vcell)  = oCelf × Velf + Ccell × Vcell. 

oCelf  = mCelf × (1+ Vcell/Velf) - Ccell × (Vcell/Velf). 

mCelf, measured ELF concentration 

Velf, volume of ELF

Vcell, volume of lysed cells

oCelf, original ELF concentration

Ccell, intracellular concentration. 

3) ELF concentrations measured by BAL were interpreted 

considering above 2 factors. The ratios of expected original 

Celf/Cfs (or AUCelf/AUCfs) divided by the constant K were 

plotted against the extent of cell lysis.  For interpretation, as 

original Celf/(Cfs · K) (or original AUCelf/[AUCfs · K]) ap-

proached 1.0 without consideration of cell lysis, the ratio of 

ELF concentration/free serum concentration of an antibiotic 

were regarded to be explained on the basis of the penetration 

capacity of the antibiotic. Furthermore, as the equation ap-

proached 1.0 with a larger extent of cell lysis within 10% of 

ELF volume, we concluded that the measured ELF concentra-

tion might be explained by contamination of antibiotics from 

lysed cells. 

Table 2. Antibiotic concentrations in ELF and alveolar macrophage cells comparing to serum levels

Antibiotic Dose
Time 
(hr)

ELF
(mg/L)

Cells
(mg/L)

Serum
(mg/L)

Free seruma

(mg/L)
CELF/Cfs

b or 
AUCELF

 /AUCfs
c

Ccell/Cfs
d or 

AUCcell/AUCfs
e Comments

Iclaprim 1.6 mg/kg AUC6 40.9 67.7 1.8 0.13 323.9 536.8 Healthy

IV, single Volunteers

Linezolid 600 mg q12 AUC24 622.8 27.2 190.0 131.1 4.77 0.22 Healthy

PO, 5doses Volunteers

600 mg q12 2.9-7.5 12.1 1.03 Diagnostic

PO, 6 doses BAL

600 mg q12 Peak 1.52 0.5f VAP

IV, 2 days Trough 1.51 0.5f Patients

Oritavancin 800 mg q24 AUC24 106 3,297 2,310 23.1 4.6 142.7 Healthy

IV, 5 days Volunteers

Teicoplanin 12 mg/kg Trough 4.9 15.9 3.7 1.5 7.4f VAP

q12-24, IV Patients

Telavancin 10 mg/kg q24 AUC24
g 50 820 73 0.7 11.2 Healthy

IV, 3 days Volunteers

Tigecycline 50 mg q12 AUC12 2.28 134 1.73 0.69 3.3 194.2 Healthy

IV, 3 days Volunteers

Vancomycin 1g q12 AUC24 92 926 367 165.2 0.56 5.6 Healthy

IV, 9 doses Volunteers

Target trough Trough 4.5 24 10.8 0.42 6.3f Critically ill

15-20 mg/L Patients

1g q12 AUC24 0.91 6.3f Healthy

IV, 9 doses Volunteers
aFree serum concentrations or AUCs(area under the curve) were calculated from the protein binding levels of the corresponding antibiotics.
bCELF/Cfs, ratio of antibiotic concentrations in ELF comparing to their free serum levels.
cAUCELF/AUCfs, ratio of AUC of antibiotic concentrations in ELF comparing to their free serum AUC.
dCcell/Cfs, ratio of intracellular antibiotic concentrations comparing to their free serum levels.
eAUCcell/AUCfs, ratio of AUC of intracellular antibiotic concentrations comparing to their free serum AUC.
fRatios of intracellular concentration to free serum levels were adopted from a study evaluating antibiotic activities in human THP-1 macrophages versus those in culture 
medium (Reference 14).
gAUCs were calculated from approximate antibiotic levels retrieved from time-concentration graphs.
ELF, epithelial lining fluid; AUC, area under the curve; BAL, bronchoalveolar lavage; VAP, ventilator associated pneumonia; IV, intravenous; PO, by mouth(per os). 
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Results

Antibiotic concentrations or their AUC in ELF, alveolar mac-

rophage cells comparing to serum levels are presented at Ta-

ble 2. In some studies, antibiotic concentrations in alveolar 

macrophages were not measured. Therefore, ratios of intracel-

lular concentration to free plasma levels were adopted from a 

study evaluating antibiotic activities in human THP-1 macro-

phages (intracellular) versus those in culture medium (extra-

cellular) by using a 0- to 24-h exposure time and a wide range 

of extracellular concentrations [14].

When the ELF/free serum concentration ratio of antibiotics 

were analyzed by the penetration capacity (constant K) and 

influence of possible cellular lysis, those of oritavancin, tela-

vancin, tigecycline, and vancomycin could be explained by 

the penetration capacity with or without contamination of an-

tibiotics from lysed cells (Fig. 1). Low ELF concentrations of 

telavancin and vancomycin were mainly explained by their 

poor penetration capacity, like beta-lactams, although a small 

percentage of cellular lysis was also needed for the full inter-

pretation in case of vancomycin. High ELF concentrations of 

oritavancin and tigecycline were explicable with potential 

contamination from their high intracellular concentrations, 

similar to macrolides and fluoroquinolones.  

While the ELF/ free serum concentration ratio of linezolid 

were modestly high (1.5-12.1), neither penetration capacity 

nor cell lysis would account for this pattern (Fig. 2). However, 

it was considered that technical errors in the process of BAL 

could be involved in the high measured ELF concentrations of 

linezolid. The data showing comparable ELF concentration to 

Figure 1. Plot of ELF/free serum concentration ratios of oritavancin, 
telavancin, tigecycline and vancomycin considering penetration capacity 
(constant K) and potential lysis of ELF cells. Low ratios of telavancin and 
vancomycin were considered to be related to their low penetration ca-
pacity. High ratios of oritavancin and tigecycline beyond their penetration 
capacity could be explained with contamination from lysed ELF cells 
within the range of the volume percentage of the cells (3-10%) in ELF.  
Celf, ELF concentration; Cfs, free serum concentration; K, constant K=0.96 + 
0.091·ln (partition coefficient · molecular weight-1/2); AUCelf, AUC in ELF; AUCfs, 
free AUC in serum; ELF, epithelial lining fluid; AUC, area under the curve.
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Figure 2. Plot of ELF/free serum concentration ratios of linezolid con-
sidering penetration capacity (constant K) and potential lysis of ELF cells. 
The modest ratio of linezolid could not be explained with either penetra-
tion capacity nor cell lysis. By the difference of the ratios depending on 
different techniques (linezolid 1, 2 vs. linezolid 3) it was considered that 
technical errors might be involved in the process of BAL. 
Celf, ELF concentration; Cfs, free serum concentration; K, constant K=0.96 + 
0.091·ln (partition coefficient · molecular weight-1/2); AUCelf, AUC in ELF; AUCfs, 
free AUC in serum; ELF, epithelial lining fluid; AUC, area under the curve.
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Figure 3. Plot of ELF/free serum concentration ratios of iclaprim and te-
icoplanin considering penetration capacity (constant K) and potential lysis 
of ELF cells. The ratios could not be explained with either penetration 
capacity nor cell lysis. Protein binding levels of the antibiotics need to 
be cleared for the proper interpretation, for biologically measured levels 
of their protein binding were negligible despite the reported high in vitro 
protein binding rates.
Celf, ELF concentration; Cfs, free serum concentration; K, constant K=0.96 + 
0.091·ln (partition coefficient · molecular weight-1/2); AUCelf, AUC in ELF; AUCfs, 
free AUC in serum; ELF, epithelial lining fluid; AUC, area under the curve.
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free serum level of linezolid (Linezolid 3) were obtained from 

a study using mini-BAL rather than the traditional BAL. While 

the mini-BAL instilled 40 ml of saline instead of 200 ml, volume 

of instilled fluid during BAL or other possible errors of BAL 

might make the difference in interpretation of amount of sol-

utes in ELF. In that sense, the modest high ELF concentrations 

of linezolid would be explainable within the range of error.

ELF/ free serum concentration ratio of iclaprim and teico-

planin also could not be explained with either penetration ca-

pacity or cell lysis (Fig. 3).  While the ELF/free serum concen-

tration ratio of teicoplanin were modest, the ratio of iclaprim 

was very high even after consideration of total cell lysis. How-

ever, in case of these 2 anti-MRSA antibiotics, their real free 

serum levels might be different from the calculated levels in 

this review. Studies on protein binding of teicoplanin and icl-

aprim have reported that decrease of antimicrobial activities 

of the antibiotics, represented by changes in MIC/MBC (mini-

mal inhibitory concentration/minimal bactericidal concen-

tration), were much less than those expected from their very 

high in vitro protein binding levels of 90% and 93%, respec-

tively [15, 16]. Especially for iclaprim, there were no significant 

changes in MIC/MBC when culture media were mixed with 

human serum. If the protein binding is ignored based on the 

above studies, high ELF/free serum concentration ratio of te-

icoplanin and iclaprim are also explainable with the penetra-

tion capacity and cell lysis.

Discussion

Our previous and current review proposed a model compre-

hending protein binding, penetration capacity through cellu-

lar barrier, and potential cellular contamination during pro-

cess of BAL, which could explain various ELF/serum 

concentration ratios of antibiotics. However, even with con-

sideration of other possible technical errors, high ELF concen-

tration of an anti-MRSA antibiotic, iclaprim looked very ex-

ceptional. As stated above, we believe that the issue on huge 

discrepancy between in vitro protein binding levels and the 

biologically measured protein binding rates of iclaprim needs 

to be solved first to understand real physiology of the antibiot-

ic through alveolar epithelial cells. 

Protein binding rate is usually obtained in vitro at a fixed 

drug and protein concentration. However, this measurement 

may not be physiologic in many ways. First, binding of drugs 

to serum protein is a continuing dynamic of association and 

dissociation. The proportion of binding at steady state varies 

depending on association constant, drug concentration and 

protein concentration. Even with given association constant 

and protein concentration, proportion of binding can change 

continuously with changing total drug level in vivo [17]. Sec-

ond, since the effect of protein binding is buffered by relatively 

large amounts of extravascular fluid, the percentage of protein 

binding in vitro measured at equilibrium does not contribute 

to the same extent in vivo situation [18, 19]. In addition, anti-

biotics bind to bacteria, interstitial and cellular associated 

proteins and intracellular substances, and these binding sites 

may compete with serum albumin for antibiotic binding [18]. 

Furthermore, inflammation of infected tissues is expected to 

alter passage of intravascular antibiotics into the tissues. 

In case of iclaprim, whose MIC/MBC did not change after 

being mixed with albumin in spite of its very high in vitro pro-

tein binding, bacteria could be better binding sites of the anti-

biotic than albumin molecules, or iclaprim might be able to 

exert their antibiotic effect on bacteria even after binding to 

protein. The same phenomena could happen to teicoplanin 

although the degree would be less than iclaprim. At current, it 

is not known why biologically measured protein binding rates 

of iclaprim and teicoplanin are so different from in vitro pro-

tein binding levels.  Assessment of effect of protein binding on 

iclaprim and teicoplanin should be cleared further for proper 

interpretation of their high ELF/calculated free serum con-

centration ratios. 

On the other hand, another anti-MRSA antibiotic, daptomy-

cin, has presented interesting data on the issue of alveolar site 

infection. Clinical study demonstrated it’s inferior outcomes 

for community-acquired pneumonia (79.4%) compared to 

ceftriaxone (87.9%). Rat models found that daptomycin did 

not exhibit any activity against organisms of bronchially in-

duced pneumonia while it killed the organisms  predict-

ably when these organisms were introduced hematogenously. 

And it was subsequently determined by in vitro study that 

pulmonary surfactant inhibited daptomycin activity [20].  On 

the basis of these studies, we may conclude that daptomycin 

is not effective in lung infection, by virtue of an MIC shift 

caused by the presence of surfactant.  

However, we need to focus on the facts that daptomycin did 

have considerable clinical success rates (79.4%) for communi-

ty-acquired pneumonia and was also effective for bacteremic 

pneumonia in animal studies. That might imply that daptomy-

cin is still active in some deep site lung infections where sur-

face contamination with surfactant may not be a player. In 

fact, it is questionable if ELF including surfactant represents 

the lung site of infection. Because lung infections disrupt the 
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alveolar wall and invade the interstitial space, superficial areas 

like ELF should not represent the site of progressed lung in-

fections. ELF concentration of antibiotics should have some 

meaning for superficial alveolar infections such as bronchi-

tis, perhaps in the very early phase of community-acquired 

pneumonia, just like the bronchially induced rat pneumonias. 

The lower success rate of daptomycin in community-acquired 

pneumonia may also represent that superficial infection 

where inhibition by surfactant could hinder the activity of 

daptomycin. 

Even considering the superficial alveolar infection, we be-

lieve that antibiotics with their high measured ELF concentra-

tions should not necessarily be favored over other antibiot-

ics with lower ELF penetration, because there exist many 

possibilities of error as our analyses shows. The differences 

could be just derived from penetration difference. Instead, in-

terstitial concentrations of antibiotics would correlate better 

to the microbiological and clinical outcomes of the invasive 

lung infections. Microdialysis studies, measuring interstitial 

concentrations of antibiotics precluding contamination from 

vascular and cellular components of the tissue, have reported 

lung tissue concentrations of antibiotics, regardless of the 

classes, similar to free serum levels [21-24].

Therefore, we are not convinced that antibiotics have differ-

ent AUIC, representing the 24-h area under the concentration 

versus time curve (AUC)/MIC ratio, vs. response curves be-

tween blood and lung tissue. Our studies have presented the 

target value of AUIC ≥125 for ciprofloxacin [25]  and AUIC 

>350 for vancomycin [26, 27], which was primarily derived 

from studies of nosocomial pneumonia, but seems to work 

just fine for bacteremias and other infection sites.  We believe 

that is because there is equilibration between blood and lung 

tissue, producing similar exposure.  Basically, lung is not 

known as a secretary organ. Because the MIC of the individual 

pathogen is the key driver of outcome, we believe that those 

antibiotics need studies based on microbial killing as well as 

clinical outcome if they wish to compare themselves appro-

priately.  

Conclusion

ELF concentrations of most anti-MRSA antibiotics were ex-

plainable by their penetration capacity and the anticipated 

range of cell lysis in the performance of the measurement it-

self. For interpretation of high ELF concentration ratios of 

linezolid, iclaprim, and teicoplanin, technical errors of tradi-

tional BAL and protein binding based on biological activity 

need to be considered. In view of the technical and interpre-

tive problems of ELF concentrations, it should be premature 

to use ELF concentrations of anti-MRSA antibiotics as a rele-

vant guide for treatment of MRSA pneumonia, and the lung 

microdialysis experiments may offer an overall better correla-

tion with microbiological outcomes than ELF concentrations. 
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