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In spite of the development and wide use of antibiotics,
pneumonia is still the leading cause of infection-related mor-
tality worldwide (101), and antibiotic resistance in the major
pathogens of pneumonia has become more frequent during the
past several decades. In order to defeat and prevent antibiotic
resistance, antibiotics need to be used based on pharmacoki-
netics (PK) and pharmacodynamics (PD) (6, 10, 35).

With regard to the PK/PD of antibiotics, considerable effort
has been devoted to directly measure the concentrations of
antibiotics at infection sites, because the distributions of anti-
biotics may be different among a variety of tissues. However,
even beyond the fact that these measurements are carried out
in normal tissues, the techniques used for the measurement are
variable in accuracy and reproducibility and the interpretation
of their results is hindered by many confounding factors
(74, 75).

For pulmonary infections, concentrations of antibiotics in
epithelial lining fluid (ELF) for extracellular pathogens and in
alveolar macrophage (AM) cells for intracellular pathogens
are thought to reflect antibiotic activity in pneumonia. Antibi-
otics whose concentrations are high at these extravascular sites,
such as macrolides and fluoroquinolones, tend to be promoted
for treatment of pulmonary infection over antibiotics like beta-
lactams and aminoglycosides, even though clinical trials do not
show differences in clinical outcome or even bacteriological
response.

In fact, it is less clear why the ratios of ELF to plasma
concentrations are diverse between antibiotics and even be-
tween members of the same antibiotic class. The measured
ELF-to-plasma concentration ratios may differ based on phys-
icochemical characteristics intrinsic to the molecules. And also,
as the ELF concentration of antibiotics is commonly measured
by bronchoalveolar lavage (BAL), technical factors or errors in
the method of measurement may create these differences. It is
believed that these factors need to be clarified before the
concept of ELF concentration should be connected to antibi-
otic outcomes such as bacterial eradication or clinical re-
sponse. In the current review, data from published human
studies were extracted and analyzed to interpret ELF concen-

trations of antibiotics measured by BAL, considering possible
confounding factors.

DATA SOURCES AND ANALYSIS

For the evaluation, Medline (January 1982 to December
2006) was searched for studies measuring concentrations of
antibiotics in ELF. The following were searched to identify
relevant publications: human studies; studies of ELF sampled
by BAL; and data on antibiotic concentrations measured si-
multaneously in serum, ELF, and AMs. Measurements at
steady state were preferred over those at non-steady-state con-
ditions. Under the criteria, the following antibiotics from a
total of 45 publications, 44 original articles, and 1 review article
were included in the evaluation: 3 beta-lactams (amoxicillin,
cefdinir, and meropenem) (22, 32, 34), 2 macrolides (azithro-
mycin and clarithromycin) (15, 19, 21, 44, 53, 77, 80, 86–88), 2
ketolides (cethromycin and telithromycin) (27, 57, 60, 72, 78),
13 fluoroquinolones (3–5, 8, 9, 15, 33, 45, 51, 52, 79, 87, 91, 93,
97, 99, 100), linezolid (26, 54), tigecycline (23), 2 rifamycins
(rifampin and rifapentine) (18, 31, 103), 4 other antitubercu-
losis antibiotics (ethambutol, ethionamide, isoniazid, and
pyrazinamide) (20, 24, 29, 30), and an antifungal azole (itra-
conazole) (25).

POSSIBLE CONFOUNDING FACTORS IN INTERPRETING
ELF CONCENTRATIONS OF ANTIBIOTICS

MEASURED BY BAL

ELF is measured on the interior surface of the alveolar wall.
The blood-alveolar barrier is composed of two membranes, the
capillary wall and alveolar wall, which are separated by a fluid-
filled interstitial space (Fig. 1), so the antibiotics measured in
ELF represent portions which diffuse readily across the alve-
olar capillary wall, the interstitial fluid, and the alveolar epi-
thelial cells. While the fenestrated pulmonary capillary bed is
expected to permit passive diffusion of antibiotics with a mo-
lecular weight �1,000, the alveolar epithelial cells would not be
expected to permit passive diffusion of antibiotics between
cells, for the cells are linked by tight junctions (38). Thus, to
reach ELF, the antibiotic must pass through the alveolar epi-
thelial cells themselves.

From the viewpoint of the anatomy of the blood-alveolar
barrier, a number of factors are thought to influence the entry
of antibiotics into the ELF. First, because only the free fraction
of antibiotics is believed to equilibrate between serum and
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interstitial fluid, different degrees of protein binding will influ-
ence antibiotic concentrations in interstitial fluid and in ELF.
Second, degrees of drug passage through the alveolar epithe-
lial cells will depend on the lipophilicity and diffusibility of the
antibiotics, similar to the drug entry into the central nervous
system.

Measurement problems may also confound the interpreta-
tion of the ELF concentrations of antibiotics. In measurement
experiments, ELF is a mixture of components, each of which
can itself bring properties unique to some of the antibiotics
under study. Besides the fluid component, cells, especially AM
cells, are included in the composition of ELF. The cells may be
lysed during the measurement of antibiotic concentration in
BAL-derived fluids. Therefore, in the interpretation of the
high ELF concentrations of some antibiotics, it may be argued
that some studies have encountered contamination from re-
leased cellular components. When the concentration of an
antibiotic in cells is higher than the concentration of the anti-
biotic in serum, lysis of some or all cells could artificially
increase the measured ELF concentration of the antibiotic.
The amount of error will presumably vary with the amount
in the cells and the numbers of cells present.

The possibility of technical errors must also be considered.
The volume of ELF sampled by BAL and the amount of
antibiotic contained in the sample are corrected for drug-free
saline added during the BAL procedure. This correction is
usually performed by measurement of urea content. Urea is
used as an endogenous marker of ELF because urea, small and
relatively nonpolar, can travel across membranes freely to
reach the outer surfaces of alveoli. The concentration of urea
in ELF is considered to be same as the serum urea concentra-

tion, implying complete distribution. Therefore, the volume of
ELF (VELF) is adjusted for excess exogenous water using the
following equation: VELF � VBAL � UreaBAL/Ureaserum,
where UreaBAL and Ureaserum are the concentrations of urea
in BAL fluid and serum, respectively.

The “dwelling time” of fluid during the BAL can be a source
of error in the urea method. From some studies, it has been
shown that additional urea diffuses from the interstitium and
other tissue when the dwelling times of BAL are prolonged. In
situations where the dwelling time is over 1 min, ELF volume
is expected to be overestimated by 100 to 300% (7, 70, 83). In
addition, the urea concentration in BAL fluid can be increased
by urea from blood contaminated during the procedure of
BAL (19, 21, 44). Finally, although antibiotics are assumed to
diffuse as fast as urea by use of this correction, certainly this
seems unlikely with at least some antibiotics and antibiotic
classes, such as vancomycin and protein-bound cephalosporins.

None of these potential confounding physiological princi-
ples, protein binding and limitation of passage through alveo-
lar epithelial cells, potential lysis of cells, and technical error
such as prolonged dwelling time, have been considered in the
interpretation of ELF concentrations of antibiotics. For this
review, we developed a simulation to estimate ELF concentra-
tions of antibiotics in consideration of the impact of protein
binding, different lipid solubilities and molecular weights, and
lysis of cells in ELF.

CONCENTRATION OF PROTEIN AND VOLUME OF
CELLS IN ELF

The concentration of protein in ELF needs to be known for
assessment of the unbound free-drug concentrations in ELF and
has been reported to be much lower than serum level. Total
protein concentrations in ELF measured in children with conges-
tive heart disease were reported as 3.9 mg/ml and 8.0 mg/ml
depending on the children’s infection status; these values were
only 6 and 12% of plasma concentration of protein (55 to 85
mg/ml) (47). The low concentration of protein in ELF in this
study might be the result of dilution by increased volume of
alveolar fluid or diminished protein production within the alveo-
lar space due to congestive heart disease. However, protein levels
in ELF measured in healthy infants with normal lung were similar
also: 4.6 mg/ml when sampled by tracheal aspiration and 3.3
mg/ml when sampled by nonbronchoscopic BAL (NB-BAL) (39).
Although lung diseases increased the protein level in ELF, the
degree of increase was less than two times of the level of that for
infants without lung diseases. Concentrations of albumin in ELF
were even much lower (0.68 by tracheal aspiration and 0.89 mg/ml
by nonbronchoscopic BAL, respectively, in the infants with nor-
mal lungs) than serum levels (35 to 55 mg/ml). Animal studies
showed similar results (50, 81). At these low levels of protein and
albumin in ELF, protein binding of antibiotics is expected to be
negligible, especially for antibiotics with low levels of protein
binding ratio (36). Therefore, in this review, protein binding of
antibiotics in ELF was not considered and the measured total
antibiotic concentrations in ELF were regarded as equivalent to
the free (unbound) fractions of the antibiotics.

To estimate the influence of released intracellular antibiotic
content on concentrations of the antibiotics in ELF, the vol-
ume of cells in ELF needs to be measured. However, we were

FIG. 1. Schematic diagram of the blood-alveolar antibiotic barrier
(adapted from reference 38 with the permission of the publisher). The
blood-alveolar barrier is composed of two membranes, the capillary
wall and alveolar wall, which are separated by a fluid-filled interstitial
space. Antibiotics need to diffuse across the alveolar capillary wall, the
interstitial fluid, and the alveolar epithelial cells to reach ELF. Cells
can carry antibiotics to the ELF also.
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unable to find any publication which directly measured the
volume of cells in ELF. Therefore, for the current review, the
volume of cells in ELF was calculated by multiplication of
usual cell counts in ELF with the known volume of AMs,
neutrophils, and lymphocytes (37, 65, 83, 92, 96). In the calcu-
lation of cell contribution to the ELF amount, cell volume was
estimated to constitute 3.8 to 10.0% of ELF volume (Table 1),
and this range was applied to each antibiotic in relation to its
intracellular content.

FACTORS CONSIDERED IN THE SIMULATION OF
ESTIMATED ELF CONCENTRATIONS

OF ANTIBIOTICS

The simulation of estimated ELF concentrations of antibi-
otics was performed on the premise that unbound (free) con-
centrations of antibiotics in serum, calculated from in vitro
protein binding and total serum level of the antibiotics, equil-
ibrate with the free concentrations in interstitial fluid. In fact,
since the effect of protein binding is buffered by relatively
voluminous extravascular fluid, the percentage of protein bind-

ing in vitro does not contribute to the same extent in vivo (98).
Furthermore, interstitial fluid is not protein free, which influ-
ences the unbound free levels of antibiotics in both serum and
interstitial fluid. While in vivo measurement of free antibiotic
concentrations from human serum drawn after administration
of the drugs would reflect the actual unbound antibiotic con-
centrations, most of the protein binding fractions of antibiotics
have been measured in vitro using equilibrium dialysis. How-
ever, to simplify the simulation, the extent of protein binding in
serum was assumed to be same as the in vitro protein binding
fraction at steady state, and protein binding of antibiotics in
interstitial fluid was not considered in this review.

It is known that the protein binding of antibiotics does not
change much at the albumin levels normally achieved in the
body during therapy (36). Therefore, in this review, fixed pro-
tein binding ratios of each antibiotic were applied across all the
concentrations. One exception was azithromycin, whose pro-
tein binding was reported to vary between 7.1% and 50%
depending on the drug concentration (41). Serum protein
binding values for each antibiotic used for the current review
are listed in Table 2, which were retrieved from the database of
Clarke’s Analysis of Drugs and Poisons (70a) and others (1, 12,
42, 55, 64, 69).

To describe the distribution of drugs into extravascular com-
partments, the steady-state area under the concentration–time
curve (AUC) ratio at the extravascular site compared to the
simultaneous serum level should be preferred, for there is a
time lag between the serum concentration curve and extravas-
cular concentration curve for drugs (Fig. 2) (85). In the exem-
plary case of Fig. 2, the simultaneous extravascular concentra-

TABLE 1. Volume of cells in ELF

Cell type (%) No. of cells/100 �l
of ELF

Mean cell vol
(10�6 �l)

Vol (�l)/100 �l
of ELF

Macrophages (83) (1.49–1.99) � 106 2.5–5.0 3.73–9.95
Lymphocytes (17) (0.31–0.41) � 106 0.2 0.06–0.08
Neutrophils (1) 0.02 � 106 0.3 0.01
Total (100) (1.8–2.4) � 106 3.80–10.04

TABLE 2. Physical and chemical properties of the antibiotics investigated

Antibiotic Protein binding (%) PC (log) Mol wt Ka Referencesb

Amoxicillin 20 0.614 365.41 0.82 70a, S
Cefdinir 60–73 �0.725 395.42 0.39 69, S
Meropenem 2 �0.6 383.46 0.56 70a, M
Azithromycin 7.1–50 3.329 748.98 1.36 70a, S
Clarithromycin 80 3.159 747.95 1.32 70a, S
Cethromycin 90 5.24 765.93 1.76 65, S
Telithromycin 70 5.093 812 1.72 2, S
Ciprofloxacin 30 1.308 331.34 0.97 70a, S
Clinafloxacin 2–7 1.63 365.79 1.03 12, S
Garenoxacin 75 1.615 426.41 1.02 42, S
Gatifloxacin 20 1.586 375.39 1.02 69, S
Levofloxacin 30–40 1.485 361.37 1.00 70a, S
Lomefloxacin 10 2.334 351.35 1.18 12, S
Moxifloxacin 39–52 1.974 401.43 1.10 69, S
Pefloxacin 25 2.164 333.36 1.15 70a, S
Rufloxacin 60 1.894 363.41 1.09 12, S
Sparfloxacin 40 2.866 392.4 1.29 12, S
Trovafloxacin 87 1.566 416.35 1.01 12, S
Grepafloxacin 50 2.261 359.39 1.17 12, S
Pyrazinamide 50 �0.368 123.11 0.66 70a, S
Ethionamide 30 1.220 166.24 0.98 70a, S
Linezolid 31 �0.923 337.35 0.50 69, S
Itraconazole 99.8 3.291 705.63 1.35 70a, S
Tigecycline 79–89 2.09 585.65 1.11 23, M
Rifampin 80 0.486 822.94 0.76 70a, S
Ethambutol 10–40 �0.053 204.31 0.71 70a, S
Isoniazid 0 �0.887 137.14 0.55 70a, S
Rifapentine 97.7 1.981 877.03 1.07 55, S

a Constant K � 0.96 � 0.091 � ln (PC � MW�1/2).
b S, SciFinder Scholar database (American Chemical Society; 2004); M, MDL quantitative structure-activity relationship (Elsevier Science, Inc.; 2004).

26 MINIREVIEW ANTIMICROB. AGENTS CHEMOTHER.



tion/serum concentration ratio is �1 at the time point of the
peak in serum, while it is �1 after the time point of the peak
in the extravascular space. In contrast, the ratio of AUC is well
established to approximate the overall intercompartmental
drug equilibration. Therefore, for the present review, AUCs of
antibiotics in ELF and serum were calculated by the trapezoi-
dal rule when multiple measurements were available. When
AUCs could not be obtained, simultaneous concentrations in
ELF and serum were compared.

The influence of lipophilicity and diffusibility of antibiotics
on penetration of the drugs through cellular barriers has been
evaluated in a study for drug entry into the cerebrospinal fluid
(CSF) through the blood-CSF barrier (73). As the octanol/
water partition coefficient (PC), a measure of lipophilicity, and
the square root of the molecular weight (MW1/2), a measure of
diffusibility, correlated with the ratio of CSF concentration/
free serum concentration (Ccsf/Cfs) (or ratio of AUC in CSF/
free AUC in serum, AUCcsf/AUCfs), the relationship was ex-
pressed by the equation: Ccsf/Cfs (or AUCcsf/AUCfs) � 0.96 �
0.091 � ln (PC � MW�1/2). For the current review, this equation
was adopted to evaluate if the ratio of ELF concentration/free
serum concentration of antibiotics could be explained on the
basis of the penetration capacities of the antibiotics. Logarith-
mic values of the PCs (log PC) and MWs of the antibiotics
were found in the SciFinder Scholar database (American
Chemical Society; 2004) and others (Table 2).

STEPS SIMULATING ESTIMATED ELF
CONCENTRATIONS OF ANTIBIOTICS

First, ELF concentrations were simulated with consideration
of protein binding in serum and capacity for penetration
through the alveolar epithelium. Because unbound free anti-
biotics in serum are expected to freely equilibrate with the
interstitial levels of antibiotics, the concentration or AUC in
ELF (Celf or AUCelf)-to-serum level ratios can be expressed as
follows: Celf/Cfs (or AUCelf/AUCfs) � Celf/Cinterstitial fluid (or
AUCelf/AUCinterstitial fluid) � 0.96 � 0.091 � ln (PC � MW�1/2).

With a measured PC and an MW of each antibiotic, the
formula 0.96 � 0.09 � ln (PC � MW�1/2) shall be expressed as a
constant (K), and the above equation can be simplified to
Celf/Cfs (or AUCelf/AUCfs) � K. Constant K reflects the ca-
pacities of antibiotics to penetrate into the ELF. From the
above equation, we can conclude that, as Celf/(Cfs � K) (or
AUCelf/[AUCfs � K]) approached 1.0, the ratio of ELF concen-
tration/free serum concentration of an antibiotic can be ex-
plained on the basis of the penetration capacity of the antibi-
otic related to its lipophilicity and diffusibility. Values of the
constant K calculated from the PC and MW of each antibiotic
are listed in Table 2.

Second, the expected ELF concentrations were challenged
by additionally considering lysis of some fraction of the cellular
content of the ELF. Lysis of cells in ELF is expected during the
processing of BAL specimens. The resulting measured ELF
concentrations reflect contamination with intracellular antibi-
otics, but the original ELF concentrations can be calculated
using the following equation: mCelf � (Velf � Vcell) � oCelf �
Velf � Ccell � Vcell, where mCelf is the measured ELF concen-
tration, Velf is the volume of ELF, Vcell is the volume of lysed
cells, oCelf is the original ELF concentration, and Ccell is the
intracellular concentration. This equation can be solved for
oCelf as follows: oCelf � mCelf � (1 � Vcell/Velf) � Ccell �
Vcell/Velf.

Expected original AUCs also could be obtained from the
original ELF concentrations calculated using the above equa-
tion. Then, the ratios of expected original Celf/Cfs (or AUCelf/
AUCfs) divided by the constant K were plotted against the
extent of cell lysis. As the equation approached 1.0, with a
larger extent of cell lysis, we concluded that the measured ELF
concentration might be explained by contamination of antibi-
otics from lysed cells and that the actual ELF concentration
could be the same as the free serum concentration. The range
of volume proportion of lysed cells in ELF (Vcell/Velf) used for
the adjustment ranged from 0 to 0.1.

BETA-LACTAMS

Measured ELF concentrations of the beta-lactams amoxicil-
lin, cefdinir, and meropenem were well below serum concen-
trations, and their respective concentrations in AM cells were
negligible (22, 32, 34) (Table 3). When unbound free serum
concentrations were used instead of total concentrations, the
Celf/Cfs ratios (or AUCelf/AUCfs) increased somewhat, but
they were �0.5.

However, as the ratios were divided by the low constant Ks
of the beta-lactams, derived primarily from their poor lipophi-
licity, the ratio Celf/Cfs � K (or AUCelf/AUCfs � K) for cefdinir

FIG. 2. Different concentration-time profiles for cefdinir in plasma (● )
and in blister fluid (�) after single doses of 300 mg (a) and 600 mg (b)
(adapted from reference 85 with permission). The simultaneous blister fluid/
plasma concentration ratios were �1 at time points of peak in plasma, while
they were �1 after the time points of peak in blister fluid. AUC ratios of
blister fluid/plasma were 86.3% and 92.4%, respectively. The ratio of AUC is
a better parameter to represent tissue penetration of antibiotics.
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TABLE 3. Ratios of antibiotic concentrations (or AUCs) in ELF or cells compared to serum (or unbound free serum) levelsa

Antibiotic Celf/Cs Ccell/Cs Celf/Cfs Ccell/Cfs
AUCelf/
AUCs

AUCcell/
AUCs

AUCelf/
AUCfs

AUCcell/
AUCfs

Reference(s)

Beta-lactams
Amoxicillin 0.13 0.00 0.16 0.00 34
Cefdinir 0.12 0.00 0.35 0.00 32
Cefdinir 0.15 0.00 0.44 0.00 32
Meropenem 0.28 0.25 0.28 0.26 22
Meropenem 0.43 0.15 0.44 0.15 22

Macrolides
Azithromycin 6.30–31.33 718.00–6,841.33 8.18–62.67 932.47–13,682.67 13.31 2,284.69 20.83 3,574.83 15
Azithromycin 12.63–24.40 533.75–1,010.00 19.73–48.80 833.98–2,020.00 21.29 748.46 34.95 1,228.54 88
Azithromycin 2.53–57.78 415.73–9,806.45 3.28–115.56 539.91–19,612.90 24.10 3,234.81 34.01 4,564.69 77
Azithromycin 4.60–20.43 1,756.49–5,242.86 5.60–26.53 2,142.06–6,808.91 5.59 1,828.54 8.87 3,320.07 87
Clarithromycin 5.17 94.12 25.83 470.58 53, 86
Clarithromycin 12.38–20.00 141.94–432.17 61.89–100.00 709.68–2,160.87 15.42 191.18 77.11 955.88 86, 88
Clarithromycin 13.32–60.75 98.73–721.40 66.59–303.75 493.65–3,607.00 30.27 248.47 151.36 1,242.34 21, 86
Clarithromycin 10.34–25.29 444.94–2,131.58 51.70–126.43 2224.68–10657.89 15.33 626.31 76.65 3,131.54 80, 86
Clarithromycin 39.60 181.00 198.00 905.00 19, 86
Clarithromycin 4.13–38.97 169.33–657.69 20.65–194.87 846.67–3,288.46 8.34 217.55 41.71 1,087.73 44
Telithromycin 4.83–14.91 42.98–418.18 16.08–49.70 143.27–1,393.94 6.44 124.92 21.48 416.42 72
Telithromycin 5.38–6.65 36.39–154.60 17.94–22.16 121.29–515.33 57
Telithromycin 8.01–14.22 37.27–2,019.63 26.68–47.39 124.23–6,732.08 9.23 338.47 30.76 1128.24 60
Telithromycin 2.27–6.27 48.94–240.27 7.57–20.91 163.15–800.91 3.15 84.18 10.49 280.62 78
Cethromycin 7.50–20.00 67.50–317.50 75.00–200.00 675.00–3,175.00 12.64 178.27 126.39 1782.71 27
Cethromycin 7.11–10.00 90.40–670.00 71.05–100.00 904.00–6,700.00 7.87 207.43 78.74 2,074.34 27

Fluoroquinolones
Ciprofloxacin 0.00–0.89 12.36–28.75 0.00–1.27 17.66–41.07 0.82 15.62 1.174 22.31 45
Ciprofloxacin 0.90 2.32 1.29 3.31 91
Ciprofloxacin 1.85 7.7 2.64 11.00 97
Ciprofloxacin 2.13 11.84 3.04 16.91 9
Clinafloxacin 1.77 10.20 1.86 10.73 51
Garenoxacin 0.92–1.65 10.58–18.27 3.67–6.59 42.33–73.09 1.34 13.89 5.38 55.57 3
Gatifloxacin 1.51–1.75 17.51–36.67 1.89–2.19 21.89–45.84 1.77 24.94 2.21 31.17 52
Grepafloxacin 10.49–14.88 99.96–268.65 15.35–29.76 199.92–537.30 12.03 175.75 24.05 351.50 33
Levofloxacin 1.49–3.00 5.38–6.14 2.29–4.61 8.27–9.45 2.08 5.90 3.20 9.07 15
Levofloxacin 1.17–2.10 11.95–23.00 1.80–3.24 18.39–35.38 1.94 15.71 2.99 24.16 45
Levofloxacin 0.86–2.26 8.77–8.94 1.32–3.48 13.50–13.75 1.90 8.83 2.92 13.59 45
Levofloxacin 0.80–3.00 4.00–9.60 1.23–4.62 6.15–14.77 2.15 7.23 3.30 11.13 5
Levofloxacin 1.53–2.58 11.23–17.70 2.36–3.97 17.27–27.23 1.75 12.82 2.69 19.72 87
Levofloxacin 1.72–2.06 12.47–22.22 2.64–3.17 19.19–34.18 1.59 14.44 2.45 22.22 87
Levofloxacin 2.69 4.90 4.14 7.54 28
Lomefloxacin 1.86 20.47 2.07 22.74 9
Moxifloxacin 5.18–7.00 17.61–70.39 9.58–12.96 32.61–130.36 5.18 13.59 9.59 25.16 93
Moxifloxacin 3.61–7.32 14.76–55.77 6.54–13.56 27.33–103.28 4.92 27.33 9.11 50.61 15
Pefloxacin 13.10–13.44 13.78–18.69 17.46–17.91 18.37–24.92 79
Rufloxacin 5.08–11.67 9.97–27.17 12.71–29.17 24.93–67.92 7.66 21.55 19.14 53.88 99
Sparfloxacin 8.17–17.00 42.63–126.33 13.61–28.33 71.04–210.56 12.60 61.24 21.00 102.07 100
Sparfloxacin 12.50 44.75 20.83 74.58 100
Sparfloxacin 19.27–65.71 29.18–71.63 32.12–109.52 48.64–119.39 31.93 40.71 53.22 67.85 91
Temafloxacin 3.13 5.7 4.22 7.70 97
Temafloxacin 3.06 8.81 4.14 11.91 8
Trovafloxacin 2.16–5.53 13.32–22.55 16.62–42.54 102.46–173.46 3.65 17.55 28.09 135.01 4
Trovafloxacin 5.85 24.10 45.00 185.38 4

Others
Pyrazinamide 13.60–24.76 0.49–1.09 27.20–49.51 0.98–2.17 20
Ethionamide 6.57–10.33 0.33–0.71 9.39–14.76 0.48–1.02 30
Linezolid 2.38–4.22 0.11–0.17 3.45–6.12 0.16–0.24 3.29 0.15 4.77 0.22 26
Linezolid 8.35 0.71 12.10 1.03 54
Itraconazole 0.14–0.56 2.33–5.44 14.29–55.56 233.33–544.44 0.22 2.94 21.51 293.60 25
Tigecyline 1.32 77.46 5.27 309.83 23
Rifampin 0.17–0.31 0.71–1.50 0.83–1.56 3.54–7.50 18
Rifampin 0.34 16.26 1.70 81.30 103
Ethambutol 0.92–1.13 19.17–48.24 1.22–1.51 25.56–64.31 26
Isoniazid fast

acetylator
1.74–5.88 1.48–13.42 1.74–5.88 1.48–13.42 29

Isoniazid slow
acetylator

1.37–5.69 0.74–4.40 1.37–5.69 0.74–4.40 29

Rifapentine 0.14–0.24 0.18–0.38 6.14–10.60 7.67–16.35 0.21 0.26 9.28 11.12 31

a Cs, serum concentration; Cfs, free serum concentration; AUCs, area under the concentration-time curve in serum.
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and a data set for meropenem approached 0.8 to 1.0, whereas
the Celf/(Cfs � K) ratio from another data set for meropenem
was still 0.5 and that for amoxicillin was very low, at 0.2. While
the constant K depends on PC, there was a variety of reported
PCs for amoxicillin. Whereas the SciFinder Scholar database
reported the log PC of amoxicillin as 0.61, another source
reported it as �1.87 rather than 0.61 (58). If a log PC of �1.87
was used, the Celf/(Cfs � K) for amoxicillin was increased to
0.55.

The low ELF concentrations of the beta-lactams might be
related to the sampling time. In the studies measuring ELF
concentrations of amoxicillin and cefdinir, BAL was performed
around the time points when serum concentrations were ex-
pected to achieve their highest values (1 to 2 h and 4 h,
respectively). As shown in the Fig. 2, peak times of interstitial
concentration of the antibiotics lag behind the time points of
peak serum concentrations. Therefore, when ELF was ob-
tained for measurement of the beta-lactams, interstitial con-
centrations should be lower than serum concentrations, which
would be reflected as lower ELF/serum concentration ratios.
Comparison of AUCs with multiple sampling rather than sin-
gle-time-point measurements would be needed.

On the other hand, as stated earlier, the volume of ELF
measured by BAL could be overestimated by severalfold due
to technical errors such as prolonged dwelling time of the
lavage fluid. When the ELF volume is overestimated, the con-
centrations of solutes in the fluid would be calculated to be
lower than the true values. Considering these possible techni-
cal errors might account for observations with amoxicillin and
a data set for meropenem, where low ELF concentrations
could not be adequately explained on the basis of low overall
binding to serum proteins and low capacity for penetration
through alveolar epithelial cells.

Although the suspected lysis of cells in ELF increased the
Celf/(Cfs � K) of the beta-lactams, the extent of the increase was
negligible (Fig. 3). Such behavior is consistent with drugs that
do not penetrate cells, and thus lysis of cells would not add
measurable amounts of drug to the supernatant.

In conclusion, the low measured ELF concentrations of beta-
lactams in comparison to their corresponding serum levels could
be the result of low capacity of their unbound free fractions for
penetration through the alveolar epithelial cell barriers and tech-
nical errors which further lower measured concentrations of these
antibiotics in the ELF. While the low intracellular concentrations
of the antibiotics might contribute to the low ELF/free serum
concentration, the influence of cells and cell lysis should be trivial.

MACROLIDES AND KETOLIDES

Measured ELF concentrations of macrolides (azithromycin
and clarithromycin) and ketolides (telithromycin and cethro-
mycin) and their derived AUCs were consistently higher than
serum levels by as much as 10-fold (15, 19, 21, 27, 44, 55, 57, 60,
72, 77, 78, 80, 86–88) (Table 3). In addition, when protein
binding of the antibiotics in serum was considered, the ratios
became even higher. Although all those antibiotics had very
high lipophilicity, their constant Ks reached just around 1.0.
Theoretically, the maximum of constant K determined by sim-
ple diffusion should be 1. Therefore, the high measured
AUCelf/AUCfs (or Celf/Cfs) of macrolides and ketolides could

not approach 1.0 when they were divided by the constant K.
This result indicates that the high ratios of ELF concentration
to serum concentration for macrolides and ketolides could not
be explained solely on the basis of good penetration across the
alveolar epithelium.

On the other hand, the intracellular concentrations of
azithromycin, clarithromycin, telithromycin, and cethromycin
were very high, approaching several thousandfold in excess of
simultaneous serum concentrations in some cases. Because of
the high ratios of intracellular level/free serum level, the high
measured ELF concentrations of these antibiotics could be
explained only if some or all of the high-drug-content cells in
ELF were lysed during BAL. The subsequent measurements of
drug content were thus performed with both the supernatant
and the cell mass. Therefore, the expected original AUCelf/
AUCfs (or Celf/Cfs) values for those antibiotics, calculated with
consideration of contamination from cells, declined quickly as
the extent of cell lysis increased (Fig. 4 and 5).

Although there were several exceptions, expected original
AUCelf/(AUCfs � K) (or Celf/[Cfs � K]) for the macrolides and
ketolides reached �1 at �10% cell lysis in most settings. While
clarithromycin and telithromycin failed to achieve the low ratio
of AUCelf/(AUCfs � K) (or Celf/[Cfs � K]) in some settings, they
showed rapid drops of the ratios to �1 also in other settings.
Because the measured ELF and AM concentrations of clar-
ithromycin and telithromycin were very high compared to their

FIG. 3. Impact of number of cells lysed during the processing of
BAL specimens on the measurement of ELF concentrations of amoxi-
cillin, cefdinir, and meropenem. AUC (or concentration) ratios be-
tween ELF concentrations and unbound free serum concentrations
divided by constant K, AUCelf/(AUCfs � K) (or Celf/[Cfs � K]) are plot-
ted against the volume percentage of lysed cells in ELF. Constant K
reflects the capacity of antibiotics to penetrate through alveolar epi-
thelial cells (see text). While multiple lines of the same antibiotic are
drawn based on different data sets, the plot of amoxicillin is repre-
sented with two different PCs: log PC for amoxicillin, 0.61; log PC for
amoxicillin1, �1.87. The AUCelf/(AUCfs � K) (or Celf/[Cfs � K]) ratio
for cefdinir and a data set for meropenem are around 1 already with-
out consideration of cell lysis because of its low constant K, derived
from poor lipophilicity (low log PC). The low ELF concentrations of
those beta-lactams seem to be related to their low capacity for pene-
tration through alveolar epithelial cells. Increasing the extent of the
cell lysis changes the ratios just a little. The contribution of the low
intracellular concentrations of the antibiotics to the low Celf/Cfs ratios
is considered to be small. The possibility of technical errors needs to be
excluded for amoxicillin and another data set of meropenem.
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free serum levels, a trivial change of antibiotic concentrations
in any of those sites would skew their concentration ratios by
great extent. The AUCelf/(AUCfs � K) for cethromycin also did
not reach 1 at �10% cell lysis; however, the range of the ratio
was just 2 to 3 when the supposed cell lysis was 10%. Despite
these some exceptions, the rapid drop of AUCelf/(AUCfs � K)
(or Celf/[Cfs � K]) with lysis of cells was a general pattern in
macrolides and ketolides.

In summary, the high concentrations of macrolides and ke-
tolides in ELF might be explained by the possible contamina-
tion of intracellular antibiotics occurring during the process of
BAL. This would be the case even when the actual concentra-
tions of the antibiotics in ELF were low and in fact might be
quite similar to free serum concentrations.

FLUOROQUINOLONES

Observations on the measured ratio of ELF concentrations
to serum concentrations were more complex for fluoroquino-
lones. In some cases, ciprofloxacin, levofloxacin, and garenoxa-
cin showed lower ELF concentrations than total serum levels
at certain settings of sampling (3, 45). However, all fluoro-
quinolones achieved higher ELF levels than their free serum
concentrations (3–5, 8, 9, 15, 33, 45, 51, 52, 79, 87, 91, 93, 97,
99, 100) (Table 3). The constant Ks of all the fluoroquinolones
were calculated around 1.0 due to their high lipophilicities.
While most of the fluoroquinolones achieved higher concen-

trations in AM cells than their free serum levels, the ratios of
AM concentrations/free serum concentrations were modest
compared to those for macrolides and ketolides. Therefore,
the decreases in the AUCelf/(AUCfs � K) (or Celf/[Cfs � K]) ex-
pected when intracellular antibiotics contaminated the ELF
were less than those for macrolides and ketolides.

In general, fluoroquinolones were thought to be divided into
two groups by their achieved AUCelf/AUCfs (or Celf/Cfs) ratios.
The first group included ciprofloxacin, clinafloxacin, garenoxa-
cin, gatifloxacin, levofloxacin, and lomefloxacin, whose AUCelf/
AUCfs (or Celf/Cfs) ratios were less than 10 (mostly �5). Their
AUCelf/(AUCfs � K) (or Celf/[Cfs � K]) ratios reached around
1.0 with higher degree of lysis of ELF cells in most settings
(Fig. 6).

The second group, which included moxifloxacin, pefloxacin,
rufloxacin, sparfloxacin, and trovafloxacin, achieved AUCelf/
AUCfs (or Celf/Cfs) ratios higher than 10. Their AUCelf/
(AUCfs � K) (or Celf/[Cfs � K]) ratios did not reach 1 (�5) even
when lysis of the maximum volume of cells in ELF (10% of
ELF volume) was considered (Fig. 7).

Among fluoroquinolones, grepafloxacin was exceptional in
having the highest overall intracellular concentration, which
was as high as several hundred times the serum concentration.
Because of that, the change of the AUCelf/(AUCfs � K) (or
Celf/[Cfs � K]) due to lysis of ELF cells in grepafloxacin resem-
bled those for macrolides and ketolides (Table 3; Fig. 6).

Overall, the fluoroquinolones have been best studied of all
the antibiotic classes, but the results vary greatly, even for the
same drug. This points to the general difficulty in reproducing
BAL fluid/ELF ratios given technical differences in the
method.

FIG. 5. Impact of number of cells lysed during the processing of
BAL specimens on the measurement of ELF concentrations of
azithromycin, clarithromycin, telithromycin, and cethromycin. AUCelf/
(AUCfs � K) (or Celf/[Cfs � K]) ratios are plotted against the volume
percentage of lysed cells in ELF. Constant K reflects the capacity of
antibiotics for penetration through alveolar epithelial cells (see text).
Multiple lines of the same antibiotic are drawn based on different data
sets. In general, the AUCelf/(AUCfs � K) (or Celf/[Cfs � K]) ratios for
these antibiotics drop rapidly with lysis of cells.

FIG. 4. Impact of number of cells lysed during the processing of
BAL specimens on the measurement of ELF concentrations of
azithromycin, clarithromycin, telithromycin, and cethromycin. AUCelf/
(AUCfs � K) (or Celf/[Cfs � K]) ratios are plotted against the volume
percentage of lysed cells in ELF. Constant K reflects the capacity of
antibiotics for penetration through alveolar epithelial cells (see text).
Multiple lines of the same antibiotic are drawn based on different data
sets. Because of the very high intracellular concentrations, the rapid
drop of AUCelf/(AUCfs � K) (or Celf/Cfs � K) ratios from very high
levels to around 1 with increasing lysis of cells is a general pattern in
macrolides and ketolides. It means that lysis of a proportion of cells in
the media may explain the high concentrations of macrolides and
ketolides in ELF. While the ratios fail to reach �1 in some data sets for
the antibiotics, the variety seems to be derived from very high ELF and
intracellular concentrations of the antibiotics compared to their free
serum levels, for trivial errors in measurement of the antibiotic con-
centrations in those sites will skew the concentration ratios by a great
extent.
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OTHER ANTIBIOTICS

The antibiotics pyrazinamide, ethionamide, and linezolid
showed high measured ELF concentrations in spite of their
relatively low concentrations in AM cells (Table 3) (20, 26, 30,
54). While the ELF/free serum concentration ratios for lin-
ezolid and ethionamide were modest (linezolid, 1.6 to 6.1;
ethionamide, 9.4 to 14.8), the ratio for pyrazinamide was rel-
atively high (27.2 to 49.5). Different penetration capacities
would not account for this pattern of ELF data: the K constants
were 0.50 for linezolid, 0.98 for ethionamide, and 0.66 for
pyrazinamide. The high ELF concentrations could not be ex-
plained using a correction for contamination by lysed cells too,
for their intracellular concentrations were lower than or simi-
lar to their free serum levels (Fig. 8).

Interestingly, a recent study using mini-BAL rather than the
traditional BAL revealed concentrations of linezolid in ELF
that were comparable to simultaneous serum levels (14). The
mini-BAL instilled 40 ml of saline instead of 200 ml. It is not
known what difference the lower volume of lavage fluid would
make to the interpretation of the amount of solutes in ELF.
However, this study suggests that technical errors in the pro-
cess of BAL could be involved in the high measured ELF
concentrations of linezolid, which may also apply to the other
two antibiotics: ethionamide and pyrazinamide.

The measured ELF concentrations of itraconazole were
lower than total serum levels. However, due to itraconazole’s
high rate of protein binding (99.8%), the ELF/free serum con-
centration ratios were increased by as much as 10-fold (Table
3) (25). Expected ELF concentrations of itraconazole consid-

ering cell lysis showed a pattern similar to those for macrolides
and ketolides: high ratio of ELF concentration/free serum con-
centration without cell lysis, very high intracellular concentra-
tions compared to free serum levels, and expected ELF con-

FIG. 6. Impact of number of cells lysed during the processing of BAL
specimens on the measurement of ELF concentrations of some fluoro-
quinolones. AUCelf/(AUCfs � K) (or Celf/[Cfs � K]) ratios are plotted
against the volume percentage of lysed cells in ELF. Constant K reflects
the capacity of antibiotics for penetration through alveolar epithelial cells
(see text). Multiple lines of the same antibiotic are drawn based on
different data sets. AUCelf/(AUCfs � K) (or Celf/[Cfs � K]) ratios for these
fluoroquinolones reach around 1 with a higher degree of lysis of ELF cells
in most settings although the extent of decrease is less than those for
macrolides and ketolides due to their modest intracellular concentrations.
Grepafloxacin shows a pattern resembling those for macrolides and ke-
tolides because of its very high intracellular concentration. Lysis of a
proportion of cells in ELF may explain the high measured ELF concen-
trations of these fluoroquinolones.

FIG. 7. Impact of number of cells lysed during the processing of
BAL specimens on the measurement of ELF concentrations of some
fluoroquinolones. AUCelf/(AUCfs � K) (or Celf/[Cfs � K]) ratios are
plotted against the volume percentage of lysed cells in ELF. Constant
K reflects the capacity of antibiotics for penetration through alveolar
epithelial cells (see text). Multiple lines of the same antibiotic are
drawn based on different data sets. AUCelf/(AUCfs � K) (or Celf/
[Cfs � K]) ratios for these fluoroquinolones fail to reach 1 even when
lysis of the maximum volume of cells in ELF (10% of ELF volume) is
considered. Lysis of a proportion of cells in ELF may not explain the
high measured ELF concentrations of these fluoroquinolones. The
possibility of technical errors needs to be excluded.

FIG. 8. Impact of number of cells lysed during the processing of
BAL specimens on the measurement of ELF concentrations of pyrazin-
amide, ethionamide, and linezolid. AUCelf/(AUCfs � K) (or Celf/
[Cfs � K]) ratios are plotted against the volume percentage of lysed cells
in ELF. Constant K reflects the capacity of antibiotics for penetration
through alveolar epithelial cells (see text). Multiple lines of the same
antibiotic are drawn based on different data sets. AUCelf/(AUCfs � K)
(or Celf/]Cfs � K]) ratios for these antibiotics above 1 increase with
increasing extent of cell lysis in ELF because intracellular concentra-
tions are lower than free serum levels. The high ELF concentrations of
these antibiotics cannot be explained by the contamination of lysed
cells. The possibility of technical errors needs to be excluded.
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centrations matching free serum concentrations with cell lysis
(Fig. 9). Tigecycline was also similar to itraconazole in that its
high ratio of ELF concentration/free serum concentration was
explained by the very high intracellular/free serum concentra-
tion ratio (23).

Because of the modest Celf/Cfs and Ccell/Cfs ratios, the pat-
tern of decrease of Celf/(Cfs � K) ratios for rifampin due to lysis
of cells resembled that for the first group of fluoroquinolones,
such as ciprofloxacin and levofloxacin (Fig. 9) (18, 103).
Ethambutol also showed a pattern similar to that for rifampin
and the first group of fluoroquinolones, with modest Celf/Cfs

ratios and expected ELF concentrations matching free serum
concentrations with cell lysis (Table 3; Fig. 9) (24).

The antimycobacterial agents isoniazid and rifapentine
showed a mixed pattern (Table 3) (29, 31). Although AUCelf/
(AUCfs � K) (or Celf/[Cfs � K]) ratios for the two antibiotics did
not reach 1.0 even with lysis of the maximum volume of cells in
ELF, their ratios of concentration in ELF to free serum levels
were modest (Fig. 10).

On the other hand, pyrazinamide, ethionamide, isoniazid,
rifampin, and ethambutol were sampled once at 4 h after
administration, which was after the peak time points of serum
concentrations (1 to 2.5 h). Although interstitial concentra-
tions of the antibiotics around ELF could be higher than serum
levels at the time points, it is not certain how much the late
sampling time affected the ELF concentrations. While very
high ELF concentrations of pyrazinamide and ethionamide
may not be explained by the possible modest high interstitial/
serum concentration ratio achieved after peak time of serum
concentration, the ELF concentrations of isoniazid, rifampin,

and ethambutol, a little higher than serum levels, might be
understood on the basis of the late sampling time. Compari-
sons of AUCs rather than single-time-point concentrations
between ELF and serum are needed to clarify the issue with
those antibiotics.

DISCUSSION

Effects of penetration capacity on ELF concentrations of
antibiotics. In this review, an equation derived from a study
evaluating the capacity of drugs for penetration into the CSF
was adopted to estimate the capacity of the antibiotics to pen-
etrate into the ELF. The blood-CSF barrier was considered to
be similar to the blood-ELF barrier in the aspects that the
capillary wall is fenestrated in both structures and epithelial
cell linings of the barriers (alveolar cell lining and choroidal
epithelial lining) are sealed with tight junctions (46, 89). Most
studies investigating drug penetration to the central nervous
system have been performed with brain tissue (2, 13, 16, 17, 40,
48, 49, 56, 59, 68, 71, 76, 84, 95). However, the blood-brain
barrier (BBB) is different from blood-CSF and blood-ELF
barriers in that the brain capillary wall is not fenestrated and
endothelial cells are also sealed with tight junctions. In addi-
tion, accessory structures such as pericytes, astrocytes, and the
basement membrane contribute to the BBB (16, 56, 63, 84).
The equation adopted for this review also has advantages in
that only data obtained from humans were included and AUCs

FIG. 9. Impact of number of cells lysed during the processing of
BAL specimens on the measurement of ELF concentrations of itra-
conazole, tigecycline, rifampin, and ethambutol. AUCelf/(AUCfs � K)
(or Celf/[Cfs � K]) ratios are plotted against the volume percentage of
lysed cells in ELF. Constant K reflects the capacity of antibiotics for
penetration through alveolar epithelial cells (see text). Multiple lines
of the same antibiotic are drawn based on different data sets. Itracon-
azole and tigecycline show pattern similar to those for macrolides and
ketolides: high AUCelf/(AUCfs � K) without cell lysis, very high intra-
cellular concentrations compared to free serum levels, and expected
ELF concentrations matching free serum concentrations with cell lysis.
Rifampin and ethambutol resemble fluoroquinolones whose Celf/
(Cfs � K) ratios are modest and whose expected ELF concentrations
match free serum concentrations with cell lysis.

FIG. 10. Impact of number of cells lysed during the processing of
BAL specimens on the measurement of ELF concentrations of isoni-
azid (in fast acetlylators and slow acetlylators [INH FA and SA, re-
spectively]) and rifapentine. AUCelf/(AUCfs � K) (or Celf/[Cfs � K]) ra-
tios are plotted against the volume percentage of lysed cells in ELF.
Constant K reflects the capacity of antibiotics for penetration through
alveolar epithelial cells (see text). Multiple lines of the same antibiotic
are drawn based on different data sets. Ratios of concentration in ELF
compared to free serum levels of the antimycobacterial agents are just
modest and AUCelf/(AUCfs � K) (or Celf/[Cfs � K]) ratios increase or
decrease depending on intracellular/free serum concentration ratios,
which fail to reach 1 with lysis of the maximum volume of cells in ELF.
The moderately high ELF/free concentrations of these antibiotics
compared to free serum levels cannot be explained by the contamina-
tion of lysed cells. The possibility of technical errors needs to be
excluded.
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of the free fraction of drugs were used to derive the equation
(73).

At the present time, it is not certain if penetration of drugs
into ELF follows the same pattern of penetration through the
blood-CSF barrier. In fact, many other mechanisms of drug
transport are present in drug delivery across the blood-CSF
barrier. Besides passive diffusion, carrier-mediated transport,
active efflux transport, and receptor-mediated transport are all
potentially involved in the process (82, 94). It is not known
whether these mechanisms are present also in the ELF epithe-
lium. Even for passive diffusion through the BBB, many other
equations have been evaluated (13, 17, 59, 68, 76, 95). Al-
though the equation used in this review might not predict
actual passive penetration of drugs through the alveolar epi-
thelium exactly, it is still believed to reflect the general concept
that passive diffusion through cells depends on lipophilicity
and MW.

In this review, the discrepancy between serum and ELF
concentrations could be explained with passive diffusion of just
a few antibiotics: beta-lactams in negative way. Most antibiot-
ics included in this review showed high ELF/free serum con-
centration ratios, which were not explainable by their limited
penetration ability. In this regard, the possible error from es-
timating the ability of an antibiotic to penetrate into ELF with
the adopted equation is not believed to be responsible for large
errors in the current evaluation.

Although a study evaluating the ELF/plasma concentration
ratio of vancomycin by the BAL technique was found, it was
not included in this evaluation because simultaneous measure-
ment of AM concentration was not performed (66). While the
PC of vancomycin is reported to be �0.31 by material safety
data sheets from the company, calculation of PC with an atom/
fragment contribution method yields �0.84 (interactive Kow-
Win; Syracuse Research Corporation). When vancomycin pro-
tein binding is assumed to be 55% and with an MW of 1,449.3
(SciFinder Scholar database) and two PC values applied, the
lower ELF concentrations of vancomycin (ELF/serum concen-
tration ratio � 0.18) from this study could also be explained by
protein binding and low penetration capacity. The Celf/Cfs � K
ratios using PC values of �0.31 and �0.84 were 0.74 and 0.92,
respectively.

Effects of cells on ELF concentration of antibiotics. This
study shows that the ELF concentrations of some antibiotics,
which were measured as higher than their serum levels by the
BAL technique, might be explained by possible contamination
from high achieved intracellular concentrations and subse-
quent lysis of these cells during the measurement of ELF
content. The hypothesis can be applied to azithromycin, cla-
rithromycin, ketolides (telithromycin and cethromycin), fluo-
roquinolones, itraconazole, tigecycline, rifampin, and etham-
butol. This effect is similar to the problem of measuring tissue
content using homogenization (75).

Whereas the antibiotics that concentrate inside cells show
tissue-to-serum ratios above 1:1, antibiotics excluded from cells
show ratios approximately 0.2:1 in homogenization experi-
ments (74, 75). Data in tissue homogenization experiments,
like ELF studies, are also variable between studies, even with
the same antibiotic. Likely reasons for this variability include
less-than-complete equilibration/diffusion because of non-
steady-state conditions, variable field contaminations by blood

and/or white blood cells, infected tissue versus noninfected
tissue, and binding to extraneous proteins beyond blood and
tissue fragments (e.g., albumin).

It is not known exactly how many cells are present or what
fraction are lysed during the BAL procedure. We assumed lysis
could be complete, but in some procedures we may not expect
that all the cells in ELF were lysed when the fluid is sampled
and measured. In the case of incomplete lysis, lower ELF
concentrations than expected could result and the data could
lead to discordant conclusions for relative ELF penetration
within a drug class. Likewise, the same problems could occur if
studies extracted variable amounts of cells. Finally, the situa-
tion of still larger ELF contents of antibiotics in settings of
pulmonary infection versus the absence of infection could
mainly depend on the numbers of cells in BAL-derived fluids
(11, 67).

Effects of technical errors on ELF concentration of antibi-
otics. For the group of antibiotics whose measured ELF con-
centrations were higher or lower than the expected ELF con-
centrations, including both penetration capacity and lysis of
cells, there may be a yet-undiscovered permeability barrier or
even an active transport process that could change the patterns
of uptake or excretion around and through lung alveolar epi-
thelial cells. However, in order to settle on that conclusion, the
possibility of other technical errors first must be excluded.

Overestimation of the volume of ELF due to prolonged
dwelling time of BAL fluid may explain the unexpectedly lower
ELF concentrations of some antibiotics like amoxicillin. Other
technical uncertainties regarding the BAL, such as the proper
volume of instilled fluid, confuse the interpretation of ELF
concentrations of some antibiotics.

Direct measurement of diffusion at bronchial sites. To over-
come possible technical errors caused by cells and cell lysis in
sampling ELF by BAL, antibiotic concentrations in ELF have
been sampled directly by approaching the alveolar wall as only
a diffusion barrier. This would be similar in principle to the use
of microdialysis for measurement of tissue concentration. In
this regard, a new technique (bronchoscopic microsampling
[BMS] method) is now being applied to measure drug concen-
trations in ELF (102).

Concentrations of levofloxacin in ELF measured by BMS
showed marked differences from levofloxacin ELF concentra-
tions measured by BAL (102). Although ELF concentrations
of levofloxacin measured by the BAL technique were higher
than serum levels by up to threefold, the BMS method re-
vealed that ELF concentrations of levofloxacin were lower
than serum concentrations before 2 h of oral administration
and were same as the serum level thereafter. BMS studies
measuring telithromycin and gatifloxacin also showed that con-
centrations of the antibiotics were significantly lower in ELF
obtained by BMS than in ELF obtained by BAL (61, 62). This
may be explained by slow diffusion of those antibiotics in com-
parison to urea, as a yet poorly unrecognized technical prob-
lem with the fluid washout method currently used to measure
ELF concentrations of antibiotics by BAL.

Actual lung site of infection. One might hypothesize that
both free-ELF measurement and the BMS imply a 1:1 diffusion
at steady state, regardless of the antibiotic used to measure
these fluids. Even if there are real differences in Celf/Cfs ratio
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between antibiotics, it is an open question which medium cor-
rectly represents the lung site of infection.

Because lung infection can disrupt the alveolar wall and
invade the interstitial space, superficial areas like ELF may not
represent the actual site of lung infections. In these cases as
well, it may still be best to approximate serum levels as a target
in relation to MIC, arguing that diffusion into infection sites is
at least as good as it is into other freely perfused capillary beds.
In addition, the inflammation and alveolar cell damage created
by bacterial invasion and infection result in increased vascular
permeability. Cellular mass at a site of active infection also
increases because of the margination of white blood cells to the
site, and, with reference to antibiotics that enter cells, these
cells may carry increased amounts of antibiotic with them
(43, 90).

Thus, for many good reasons, the ELF levels of antibiotics
measured in healthy persons may not be an accurate measure
at the actual antibiotic concentrations at the site of infection,
and in fact the cellular lysis portions of this analysis may be-
come more important for the extrapolation of volunteer data
to infected patients. On the other hand, it appears that total
serum concentrations of macrolides and ciprofloxacin as AUIC
�100 and �125, respectively, predict outcomes in human in-
fections, including pneumonia (40a, 90a)

CONCLUSIONS

Low ELF ratios of beta-lactams could be explained by the
poor diffusion and free fraction alone. Vancomycin might be
another example of a drug with low ELF concentration due to
limited penetration and protein binding. The high ELF ratios
for most fluoroquinolones, macrolides, ketolides, and some
other antibiotics were well described by inclusion of known
intracellular concentrations and the anticipated range of cell
lysis. Fundamentally, ELF may not represent the lung site
where antibiotics act against infection. In view of the technical
and interpretive problems with conventional ELF and espe-
cially BAL, the lung microdialysis experiments or the BMS
method may offer an overall better correlation with microbio-
logical outcomes. Development of more-relevant methods to
measure tissue level of antibiotics appears essential if we are to
truly assess real PK/PD differences between antibiotics in se-
rum and antibiotics at the infection site. Further evaluation of
the issue is needed, and, while these are reaching consensus,
we continue to express PK/PD parameters using serum con-
centration of total drug because these values do correlate with
microbiological outcomes in patients.
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