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Antibiotic lock therapy (ALT) is an adjunctive procedure to prevent or treat central venous catheter
infections, ensuing catheter-related bacteremia, and catheter-related metastatic infections. Daptomycin is a
cyclic lipopeptide that is rapidly bactericidal against methicillin-susceptible and -resistant Staphylococcus
aureus. The efficacies of daptomycin against central venous catheter biofilms, catheter-related bacteremia, and
catheter-related metastatic infections were evaluated by adapting a previously reported central venous catheter
biofilm model in rats. Combined daptomycin ALT and systemic dosing resulted in the clearance of an
established in vivo S. aureus central venous catheter biofilm after just two daily ALT treatments (30 min with
daptomycin at 5 mg/ml) with concurrent systemic daptomycin dosing (40 mg/kg of body weight/day subcuta-
neously [s.c.]; equivalent exposure of 6 mg/kg/day in people). Daptomycin ALT solutions formulated in either
saline or lactated Ringer’s solution were equally fast in eradicating established irn vivo methicillin-resistant
Staphylococcus epidermidis (MRSE) central venous catheter biofilms. However, the lactated Ringer’s formula-
tion was superior to that of saline in sustaining the bacterial clearance of treated central venous catheters (83%
versus 50%). In MRSE-infected central venous catheter studies, 3 days of daptomycin or vancomycin ALT (18
h at 5 mg/ml) with systemic s.c. dosing (40 mg/kg/day daptomycin or 100 mg/kg/day vancomycin) was equally
effective 1 week posttherapy in maintaining cleared central venous catheters (90% [r = 10] versus 100% [n =
8]). These results suggest that daptomycin ALT, along with systemic dosing, could be an effective treatment
option for the prevention or eradication of staphylococcal central venous catheter biofilm infections, thereby

reducing the occurrence of catheter-related bacteremia or catheter-related metastatic infections.

Central venous catheters are essential for patients receiving
hemodialysis, chemotherapy, or parenteral nutrition. More
than 5 million central venous catheters are placed annually in
the United States alone (30). Data from 599 U.S. facilities
representing 16,225,498 patient days in an intensive care unit
(ICU) showed that 33,587 catheter-related bacteremias oc-
curred during 8,628,109 catheter days from 1997 to 2007, dem-
onstrating 1 catheter-related bacteremia every 257 catheter
days (5). Among critically ill patients developing catheter-re-
lated bacteremia, mortality rates are as high as 35%, while
survivors incur increased hospital costs of at least $40,000 and
increased time spent in the ICU of 8 to 20 days (13, 36).

Cases of nosocomial catheter-related bacteremia are caused
most frequently by catheters infected with persistent biofilm
populations of Staphylococcus epidermidis or Staphylococcus
aureus (17, 39). Bacterial central venous catheter biofilms oc-
cur when planktonic bacteria irreversibly adhere to the sub-
merged surface of the catheter and create an external polysac-
charide matrix (“slime layer”) structure (21, 33). Antibiotic
MIC:s for stationary-phase bacteria embedded in such biofilms
may be 100- to 1,000-fold greater than those for planktonic
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cells (30). The management of a central venous catheter in-
fection usually includes catheter removal and the initiation of
appropriate systemic antibiotic coverage.

Antibiotic lock therapy (ALT) is an alternative approach
that has been investigated (1, 2), particularly for patients with
central venous catheters colonized by coagulase-negative
staphylococci (14, 43, 47). With the primary goal of the pre-
vention or resolution of catheter-related bacteremia, ALT in-
volves instilling an antibiotic solution (often combined with
heparin) into the hub of the central venous catheter when it is
not in use to achieve a concentration of the antibiotic that is
manyfold higher than the MIC for the bacteria. The antibiotic
solution is allowed to remain for a specified length of time,
generally 18 to 24 h (3, 30). ALT is also intended to minimize
the need for systemic antibiotics by preventing the colonization
of the catheter or eradicating organisms from an infected cath-
eter as well as to prolong the life of the catheter in critically ill
patients, for whom reintroducing a catheter may be difficult
and for whom catheters are often the only means available for
administering nutrients and/or therapeutics (2, 22). ALT has
been used successfully for patients receiving long-term paren-
teral nutrition or chemotherapy as well as for patients requir-
ing dialysis or those infected with human immunodeficiency
virus (11, 16, 23, 25, 26, 31). A systematic review and meta-
analysis of 11 randomized, controlled ALT clinical trials
showed a significant reduction in the incidence of catheter-
related bacteremia as well as the rate at which central venous
catheters were removed because of infection (49). However,
ALT is associated with antibiotic leakage into the systemic
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circulation and the development of resistance as well as sys-
temic side effects and compatibility issues (3).

In this study, we characterize an optimized rat model of
central venous catheter infection, originally described by Ul-
phani and Rupp (45), caused by methicillin-resistant S. epider-
midis (MRSE) and methicillin-susceptible S. aureus (MSSA).
Daptomycin is equally active against methicillin-susceptible
and methicillin-resistant S. aureus strains both in vitro (35) and
in vivo (32). We used the model to examine the efficacy of
daptomycin administered by ALT and parenterally against
catheter infections and related secondary infections of the
blood and organs. Daptomycin was chosen because it has
broad, rapid in vitro and in vivo bactericidal activities against
staphylococci (24, 32, 35), including biofilm-producing strains;
retains bactericidal activity against nondividing bacteria (29);
and has been shown to rapidly penetrate S. epidermidis biofilms
(44).

MATERIALS AND METHODS

Bacterial test strains. Strains of S. epidermidis (ATCC 35984, ATCC 49461,
and ATCC 700565 [all MRSE]; American Type Culture Collection) and S.
aureus (ATCC 25923 [MSSA]) were evaluated. S. epidermidis strain ATCC 35984
is a biofilm producer reference strain (7, 27). In a preliminary biofilm production
evaluation, the three additional staphylococcal strains produced biofilms equiv-
alent to that of ATCC 35984 (data not shown).

Antibiotic susceptibility testing. Susceptibilities to daptomycin and vancomy-
cin were evaluated by a standard broth microdilution method according to
Clinical and Laboratory Standards Institute guidelines (8). In accordance with
those guidelines, daptomycin susceptibility was determined by using Mueller-
Hinton broth adjusted to contain physiological levels of calcium (50 mg/liter).

Culture media and growth conditions. All cultures used to inoculate central
venous catheters were started from glycerol stocks. Planktonic populations
were prepared by the subculturing of cultures grown overnight in fresh media
and incubation for 2.5 h at 37°C before central venous catheters were inoc-
ulated. MSSA cultures were grown in tryptic soy broth (Sigma, St. Louis,
MO), and MRSE cultures were grown in Mueller-Hinton broth (Becton
Dickinson, Sparks, MD).

Antibacterial agents and vehicles. Daptomycin powder was provided by Cubist
Pharmaceuticals, Inc. (Lexington, MA). Vancomycin hydrochloride and heparin
sodium salt (cell culture suitable) for in vivo studies were purchased from Sigma-
Aldrich, Inc. (Atlanta, GA). Sterile 0.9% saline and lactated Ringer’s solution
were obtained from Sigma-Aldrich, Inc. For the in vitro daptomycin stability
study, USP-grade heparin was obtained from Hospira (10 units/ml) and Baxter
(10,000 units/ml).

Animals. Male Sprague-Dawley rats with preimplanted jugular vein central
venous catheters (polyurethane, 0.025-in. internal diameter, and 40-pl volume)
were obtained from Charles River Labs (Wilmington, MA). Initial weights were
175 to 200 g per rat. Rats received water and Agway rodent chow ad libitum
throughout the experiments. All animal protocols were reviewed and approved
by the Institutional Animal Care and Use Committee at Cubist Pharmaceuticals,
Inc., before the studies were initiated.

Rat central venous catheter biofilm model. The rat central venous catheter
biofilm model described previously by Ulphani and Rupp (45) was employed,
with modifications. Jugular vein central venous catheters were inoculated by the
instillation of 0.2 ml of saline containing either 1 X 10®* CFU MRSE or 1 X 10°
CFU MSSA. One hour later, catheters were flushed with heparin saline (0.3 ml;
400 U/ml). Central venous catheter infections were monitored by daily blood
sampling through the catheter. Blood samples (0.3 ml) were processed for
CFU/ml values by standard methods (serial dilution, plating, incubation, and
CFU counting). To maintain central venous catheter patency, catheters were
flushed with heparin saline immediately following each blood draw.

Model optimization. In preliminary experiments, the bacterial CFU/ml of
catheter-drawn blood samples was positively correlated (R? = 0.8056) with the
CFU/ml of the corresponding harvested central venous catheters (Fig. 1A).
Histological analysis of catheters at 4 to 8 days postinoculation showed that those
with biofilm layers approximately 10 um thick were associated with elevated
bacterial counts in the blood (Fig. 1B) and with the development of disseminated
infection. Thus, ALT was evaluated only in animals with demonstrated mature
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FIG. 1. Characterization of the rat central venous catheter biofilm
infection model. (A) Correlation of daily central venous catheter blood
draws and harvested catheter CFU. Rat central venous catheters were
infected with Staphylococcus epidermidis ATCC 35984. At various time
points, rats were sacrificed immediately following central venous cath-
eter blood draws, and catheters were harvested and processed for the
quantification of CFU/ml. Each data point (from a single animal,
except where noted) represents the log,, CFU/ml from a central ve-
nous catheter blood draw and the corresponding log,, CFU/ml value
from the harvested catheter. Central venous catheter blood draws are
a good measure of the level of central venous catheter infection based
on the high correlation seen in these data. (B) Harvested catheters,
infected 4 days previously, were submerged in 10% formalin for 72 h
before processing for routine sectioning and staining. The top photo-
micrograph, a hematoxylin- and eosin-stained section, shows remnant
blood cells in the interior of the catheter (left side) and darkly stained
bacterial cells (labeled “bc”) along the internal catheter edge. The
bottom photomicrograph is a Gram-stained section showing a biofilm
nearly 10 pm wide.
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TABLE 1. MICs for Staphylococcus epidermidis and
Staphylococcus aureus strains used in the rat central
venous catheter biofilm model

MIC (pg/ml)*

Strain
Daptomycin Vancomycin
S. epidermidis ATCC 35984 0.5 1.0
S. epidermidis ATCC 49461 1.0 2.0
S. epidermidis ATCC 700565 0.5 1.0
S. aureus ATCC 25923 1.0 ND

“ ND, not done.

catheter infections, on the basis of having consistently elevated bacterial counts
(=10* CFU/ml) in their catheter blood samples from 1 to 4 days postinoculation.

Close to 100% of animals with infections caused by S. epidermidis survived the
entire experimental period. However, when S. aureus was used as the infecting
organism, significant mortality occurred even with the lower inoculum of 10°
CFU/0.2 ml (data not shown). Therefore, in experiments with MSSA as the
biofilm agent, it was necessary to treat animals with systemic daptomycin (40
mg/kg of body weight subcutaneously [s.c.] once daily) during the 4 days (days 1
to 4) when the central venous catheter infection was developing.

Terminal harvests and preparation and plating of catheters, tissues, and
fluids. At the end of each experiment, the rats were euthanized by carbon dioxide
asphyxiation, and the central venous catheters and selected tissues or fluids were
collected by use of sterile techniques. Most often, tissues and fluids of rats
infected with MRSE were harvested 7 days after the end of ALT to look for the
persistence of catheter sterilization; tissues and fluids of rats infected with MSSA
were harvested 24 h after the end of ALT to determine the degree of sterilization
in tissues and fluids soon after the end of therapy. Cardiac blood was collected
first via cardiac puncture, serially diluted, and plated. The heart, lungs, kidneys
(paired), and spleen were transferred individually into 5 ml sterile distilled water
(dH,0); the vena cava was collected along with the distal portion of the central
venous catheter (see below), separated from the catheter tip, and placed into 3
ml sterile dH,O. All organs and the vena cava were homogenized and processed
for CFU/ml counts by standard methods.

The terminal portion (approximately 3 cm) of the central venous catheter just
proximal to the right atrium was collected, along with the attached vena cava, and
kept on ice during processing; the vena cava was dissected from the catheter by
use of sterile techniques and processed as described above. The harvested cath-
eter was measured and then cut into 1- to 2-mm sections, transferred into 5 ml
sterile dH,O, and placed on ice. The sterile dH,O containing the catheter
sections was sonicated for 10 min and then vortexed for 1 min to dislodge
adherent bacteria. The catheter supernatant was serially diluted, plated, and
incubated for CFU/ml counts by standard methods.

Antibiotic lock treatment. All studies of ALT against mature central venous
catheter biofilms were started at 5 days postinoculation. ALT consisted of the
once-daily instillation of the test agent (volume of 0.2 ml) into the catheter for
30 min (for the MSSA model) or 18 h (for the MRSE models), followed by a
heparin saline flush and lock (0.3 ml; 400 U/ml). The shorter ALT period tested
for MSSA was intended to match the standard 30-min daily infusion time for
daptomycin. Blood samples for CFU/ml determinations were obtained through
the catheter prior to ALT. In most experiments, systemic doses of antibiotics (2
ml/kg administered s.c.) were given concurrently with ALT to mimic the clinical
paradigm for catheter-related infections. Daptomycin and vancomycin lock so-
lutions contained 5 mg/ml each. Daptomycin was dosed systemically at 40 mg/kg
subcutaneously once daily, approximating the total area under the concentration-
time curve (AUC) obtained for people dosed at 6 mg/kg/day; vancomycin was
dosed systemically at 50 mg/kg subcutaneously twice daily, to approximate the
standard human dose.

Stability of daptomycin and heparin in lactated Ringer’s solution. We inves-
tigated the stability of daptomycin in a lactated Ringer’s vehicle (54 pg/ml
calcium [Ca®*]) containing added heparin. Aliquots (35 ml) of lactated Ringer’s
solution containing daptomycin (5 and 25 mg/ml) and USP-grade heparin so-
dium (0, 5, 500, or 5,000 U/ml) were stored at 37°C and tested after 0, 4, 6, 12,
and 24 h. Daptomycin concentrations were determined by using a validated
high-pressure liquid chromatography method. Clarity, color changes, and the
presence and/or absence of particulate matter were assessed by visual inspection.
Turbidity, pH, and heparin activity were determined by compendial methods
(46).
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TABLE 2. Stability of daptomycin in lactated Ringer’s
solution with heparin

Daptomycin concn (mg/ml) (% of initial value)
Heparin with storage duration (h) of:

concn (U/ml)

4 6 12 24
0 51(100) 4.9(97)  49(97) 48(95) 4.6 (90)
5 51(100) 5.0(99)  5.0(99) 4.9(9) 4.6 (90)
500 51(100)  5.0(99)  5.0(98) 4.9(9) 4.6 (90)
5,000 51(100) 5.1(99)  50(98) 5.0(9) 4.7(91)
0 26.8 (100) 26.5(99) 26.0 (97) 25.4(95) 24.0(90)
5 263 (100) 26.3 (100) 26.1(99) 25.3(96) 23.9(91)
500 26.3(100) 26.2(100) 26.1(99) 25.2(96) 24.2(92)
5000  27.1(100) 26.6(98) 26.8(99) 25.1(92) 24.6(90)

Data analysis. A correlation analysis of CFU/ml data from matched central
venous catheter blood draws and harvested central venous catheters was per-
formed by using a linear regression least-squares-fit analysis with Microsoft
Excel.

Daily catheter blood draws were compared among different treatment groups
by using a repeated-measures two-way analysis of variance (ANOVA) with a
Bonferroni posttest to compare replicate means (GraphPad Prism, version 5.02).
Terminal blood and organ bacterial loads were compared by using a two-way
ANOVA with a Bonferroni posttest, and rates of sterility from different treat-
ment groups were compared by using a one-way ANOVA (Kruskal-Wallis test),
followed by Dunn’s multiple-comparison test (GraphPad Prism, version 5.02).
Different treatment groups were considered significantly different if P values
were less than 0.05.

RESULTS

Antibiotic susceptibilities. The three strains of S. epidermidis
used in these central venous catheter infection models were
susceptible to both daptomycin (MICs = 0.5 to 1.0 wg/ml) and
vancomycin (MICs = 1.0 to 2.0 pg/ml) (Table 1). Methicillin-
susceptible S. aureus strain ATCC 25923 was susceptible to
daptomycin (MIC = 1.0 pg/ml) (Table 1).

Stability of daptomycin in lactated Ringer’s solution with
heparin. The concentration of daptomycin in the Ringer’s so-
lution-heparin vehicle decreased by =10% when stored for
24 h at 37°C (Table 2). The decrease occurred primarily at
between 6 and 24 h of storage and was similar regardless of the
initial concentration of daptomycin or of heparin. No signifi-
cant changes in clarity, color, particulate matter, turbidity, pH,
or heparin activity were observed (data not shown).

Treatment of catheter-related infections caused by S. epider-
midis. (i) Optimizing daptomycin ALT. Daptomycin is a
calcium-dependent antibacterial agent, working optimally in
vitro with levels of free calcium ions at physiological concen-
trations (~50 pg/ml). We investigated this phenomenon in the
treatment of catheter-related infections. Figure 2 shows the
effects of ALT with daptomycin (5 mg/ml for 18 h) for 3 days
in rats with central venous catheter infections caused by S.
epidermidis ATCC 49461. Daptomycin was formulated in ei-
ther 0.9% saline or lactated Ringer’s solution (containing 54
pg/ml calcium [Ca®"]) for ALT. ALT with lactated Ringer’s
solution alone was used as a control. Animals that received
daptomycin ALT also received parenteral daptomycin (40
mg/kg s.c. daily) for 3 days. Both daptomycin ALT formula-
tions rapidly cleared detectable MRSE from catheter blood
samples; 100% of rats treated with daptomycin in either saline
or lactated Ringer’s solution had no detectable bacteria in
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FIG. 2. Daptomycin efficacy optimized by a formulation of daptomycin ALT solution. Rats were infected with methicillin-resistant
Staphylococcus epidermidis (MRSE) strain ATCC 49461 and monitored for 4 days to confirm the establishment of a mature biofilm. Groups
of rats were then treated for 18 h daily for three consecutive days with ALT solutions as indicated (n = 6 rats/group). Rats receiving
daptomycin ALT also received systemic daptomycin at 40 mg/kg daily via subcutaneous injection on each day of ALT. Animals were
monitored for 7 days following the end of ALT, and tissues and fluids were then harvested for determinations of bacteremia and
catheter-related metastatic infections. (A) Bacterial titers (means and standard deviations) in central venous catheter blood draws before
(0 ALT), during (1 ALT and 2 ALT), and after (3 ALT) ALT, including terminal central venous catheter harvesting and cardiac blood draws
7 days following the cessation of ALT (3 ALT + 7 days). (B) Bacterial titers (means and standard deviations) measured at metastatic sites
of infection, including the vena cava (surrounding the central venous catheter), heart, lung, kidneys, and spleen, 7 days following the end

of 3 days of ALT.

their catheter blood draws after only 2 days of ALT (5 out of
5 rats for both formulations) (Fig. 2A).

The persistence of clearance from central venous catheters
and tissues harvested 7 days after the last ALT treatment was
evaluated (Fig. 2). One week after dosing, daptomycin ALT in
lactated Ringer’s solution achieved bacterial clearance rates in
central venous catheter blood draws and harvested catheters of

100% (5/5 rats) and 83% (5/6), respectively, while daptomycin
ALT in saline had clearance rates of only 80% (4/5) and 50%
(3/6). Daptomycin in lactated Ringer’s solution sterilized sig-
nificantly more harvested catheters than did lactated Ringer’s
solution alone (P < 0.01 by one-way ANOVA Kruskal-Wallis
test), while daptomycin in saline did not (P > 0.05). Further-
more, daptomycin in the lactated Ringer’s formulation steril-
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FIG. 3. Comparative efficacies of vancomycin and daptomycin ALT (both at 5 mg/ml) for 18 h daily for three consecutive days against two
different strains of MRSE, biofilm-forming strains ATCC 700565 and ATCC 49461. (A) Bacterial titers in central venous catheter blood draws
before (0 ALT), during (1 ALT and 2 ALT), and after (3 ALT) ALT, including terminal central venous catheter blood draws, catheter harvesting,
and cardiac blood draws 7 days following the cessation of ALT (3 ALT + 7 days). (B) Bacterial titers measured at metastatic sites of infection,
including the vena cava (surrounding the central venous catheter), heart, lung, kidneys, and spleen.

ized blood and tissue samples out to 1 week after dosing
(except the vena cava, where 5/6 rats were sterilized), while
daptomycin ALT in saline failed to consistently clear second-
ary infections (Fig. 2B). Although this calcium dependence of
daptomycin ALT was not tested for other bacterial strains, all
subsequent studies using ALT with daptomycin were formu-
lated in lactated Ringer’s solution.

(ii) Daptomycin versus vancomycin in ALT against S. epi-
dermidis. The efficacies of vancomycin and daptomycin ALT,
in combination with the systemic dosing of vancomycin and
daptomycin, respectively, were compared by using three dif-
ferent strains of S. epidermidis with this model. Figure 3
shows the results of two representative experiments com-
paring daptomycin and vancomycin in the model, using
ATCC 49461 or ATCC 700565 as the infecting strain (indi-

vidual results combined). Each symbol represents the bac-
terial count from a single animal in this scatter plot: symbols
containing a black dot are from animals infected with ATCC
700565, while symbols without the black dot are from ani-
mals infected with ATCC 49461. Individual results from
studies with two different MRSE strains are plotted together
to illustrate the consistency of the results using different
strains (Fig. 3); similar results were achieved with a third
MRSE strain (data not shown). As described above, dapto-
mycin (in lactated Ringer’s solution) or vancomycin (in sa-
line) was administered via ALT for 18 h daily (5 mg/ml) and
systemically (daptomycin at 40 mg/kg once daily along with
daptomycin ALT and vancomycin at 50 mg/kg twice daily
along with vancomycin ALT). Both daptomycin and vanco-
mycin caused a rapid elimination of MRSE from central
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venous catheter blood samples for both strains (Fig. 3A).
Although the difference was not statistically significant, dap-
tomycin appeared to act slightly faster. Vancomycin steril-
ized the catheter blood from only 3/6 rats after 1 day of
ALT, 4/6 rats after 2 days of ALT, and 6/6 rats after 3 days
of ALT; daptomycin sterilized 6/7 rats after 1 day of ALT,
7/7 rats after 2 days of ALT, and 8/8 rats after 3 days of
ALT. Daptomycin treatment sterilized significantly more
catheters than did lactated Ringer’s solution after 1, 2, and
3 days of ALT; vancomycin treatment achieved significance
in catheter clearance compared with lactated Ringer’s solu-
tion after 3 days of ALT (Kruskal-Wallis test followed by
Dunn’s multiple-comparison test). One week after the end
of dosing, both daptomycin and vancomycin maintained
100% central venous catheter clearance for both strains, as
measured by central venous catheter blood draws, and har-
vested central venous catheters were largely cleared (9 out
of 10 rats [90%] for daptomycin and 8 out of 8 rats [100%]
for vancomycin). Furthermore, combined ALT and systemic
dosing with either daptomycin or vancomycin cleared met-
astatic infections in most organs (Fig. 3B).

Treatment of catheter-related infections caused by S. aureus.
In order to maintain rats with a mature S. aureus infection
prior to ALT, rats inoculated with S. aureus ATCC 25923
were dosed with 40 mg/kg daptomycin s.c. daily from day 1
through day 4. Starting on day 5, three daptomycin dosing
paradigms were evaluated to determine their relative effi-
cacies against established in vivo MSSA central venous cath-
eter infections: systemic daptomycin (40 mg/kg s.c.) alone,
30-min daptomycin ALT (5 mg/ml in lactated Ringer’s so-
lution) alone, or combined systemic and ALT dosing with
daptomycin. Daptomycin systemic dosing alone, at doses
achieving AUCs similar to those for people dosed at 6
mg/kg/day, had no discernible effect on central venous cath-
eter biofilms (Fig. 4A) or on bacterial loads associated with
catheter-related bacteremia (cardiac blood) and showed
only limited effects on reducing the bacterial counts in the
vena cava (P < 0.001), heart (not significant), lungs (P <
0.01), or spleen (not significant; determined by two-way
ANOVA with Bonferroni posttests) (Fig. 4B). In contrast,
one 30-min daptomycin ALT alone significantly reduced the
central venous catheter burden (reduction of >3 log,, CFU/
ml; P < 0.001) but failed to clear central venous catheters
completely (Fig. 4A). Combined daptomycin ALT and sys-
temic daptomycin dosing proved to be the most effective
treatment paradigm tested against S. aureus central venous
catheter infections. Central venous catheter infections were
cleared after two combined dosing sessions (Fig. 4A), and
bacteria were not detected in harvested central venous cath-
eters at 24 h after four daily combined dosing treatments
(P < 0.001) (Fig. 4B). Finally, while ALT treatment alone
led to low levels of staphylococcal burden in catheter-re-
lated bacteremia and all tissues with catheter-related met-
astatic infections (with clearance achieved only in the
heart), combined ALT and systemic treatments cleared
catheter-related bacteremia and all tested metastatic sites of
infection in the heart, lungs, and spleen, with a low remain-
ing bacterial burden in the vena cava and kidneys (Fig. 4B).
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DISCUSSION

We optimized an in vivo rat model of central venous catheter
infection and used the model to examine the potential utility of
daptomycin ALT for the treatment of the catheter infection
and associated disseminated infections. This model employed
several unique techniques. First, quantitative daily blood cul-
tures were used to verify the development of the infection and
to evaluate the efficacy of treatment. Second, our model system
demonstrated an improved daptomycin ALT efficacy by for-
mulating the drug in lactated Ringer’s solution, which has
physiological concentrations of Ca** (54 wg/ml), which are
lacking in saline. Bookstaver and colleagues (4) also demon-
strated previously that daptomycin in saline was inferior to
daptomycin in lactated Ringer’s solution in their in vitro model.
The greater efficacy is likely due to the presence of calcium in
lactated Ringer’s solution and the calcium-dependent activity
of daptomycin. The slight decrease in the potency of daptomy-
cin in lactated Ringer’s solution after 6 h suggests that dapto-
mycin for ALT should be prepared within 6 h of ALT admin-
istration.

Finally, this study demonstrated the optimized dosing para-
digm for established MSSA central venous catheter biofilm
infection to be daptomycin ALT with concurrent daptomycin
systemic dosing, compared to daptomycin ALT alone or sys-
temic daptomycin therapy alone. The ability of daptomycin to
provide rapid bacterial eradication after 1 dose of ALT sug-
gests that daptomycin rapidly penetrates the biofilm layer (38,
44) and at a concentration that is above the MIC. This was
achieved with only 30 min of daptomycin ALT daily in our rat
central venous catheter infection model. This rapid clearance
of the pathogen will likely be important clinically, especially for
immunocompromised and critically ill patients. It should be
emphasized that we tested this with only one strain of S. aureus
in our model, so its applicability to central venous catheter
infections from other S. aureus strains has not been demon-
strated.

ALT has been used successfully in hemodialysis, cancer, and
critically ill patient populations to prevent as well as to treat
catheter-related infections (37, 40, 42, 49). Benefits of ALT
include a reduction in catheter removal rates compared with
those associated with a heparin lock alone (49), improvement
in infection-free survival rates for patients treated with ALT
compared with a historical matched cohort of patients who
received routine catheter replacement (37), success in salvag-
ing infected catheters in chronically catheterized cancer pa-
tients (37), and a reduced risk of catheter-related bacteremia
compared with a flush solution (40).

Antibiotics such as linezolid and vancomycin have displayed
limited activity in eradicating staphylococci embedded within a
biofilm (12, 16, 20, 34, 38, 41, 48). In an in vivo catheter-related
infection model in rabbits, a lock solution of 2 mg/ml vanco-
mycin showed limited efficacy against one of two S. aureus
strains tested, whereas ALT with 1 mg/ml ciprofloxacin dem-
onstrated activity against both strains (6). Interestingly, the
combination of 2,500 TU/ml heparin with vancomycin or cip-
rofloxacin reduced the effectiveness of each antibiotic alone for
one strain or the other (6). One in vitro biofilm model found
undetectable levels of S. epidermidis ATCC 35984 after 10 days
of exposure to 10 mg/ml vancomycin, compared with 3 days for
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FIG. 4. ALT and parenteral daptomycin treatment, separately and together, of methicillin-susceptible Staphylococcus aureus (MSSA) central
venous catheter infection. (A) Daily central venous catheter blood draws were used to monitor S. aureus ATCC 25923 biofilms in rats (means =
standard deviations). CFU/ml data before dosing are presented as a single group (days 1 to 5 following inoculation; n = 18). ALT for only 30 min
daily was initiated along with systemic dosing for four consecutive days starting on day 5. ALT with 5 mg/ml daptomycin, combined with either
systemic lactated Ringer’s solution (2 ml/kg s.c.) or systemic daptomycin (40 mg/kg s.c.), resulted in a significant decrease in the bacterial burden
from daily drawn catheter blood from day 6 (after only one dose) through harvesting on day 9 (P < 0.001 versus both groups with ALT with lactated
Ringer’s solution). (B) Bar graph showing bacterial titers (means =+ standard deviations) for catheter blood, cardiac blood, harvested catheter, vena
cava, heart, lung, kidneys, and spleen 24 h following the end of four daily ALT treatments. Tissues and fluids from rats receiving ALT with 5 mg/ml
daptomycin had significantly decreased bacterial loads compared with those from rats receiving ALT with lactated Ringer’s solution and systemic

lactated Ringer’s solution (P value of <0.001, except for kidneys, with a P value of <0.01).

2 mg/ml linezolid; 10 mg/ml gentamicin did not cause an erad-
ication after 10 days (12). The lack of effectiveness of genta-
micin, as well as of cefazolin, nafcillin, and erythromycin, over
5 days was confirmed in another in vitro biofilm model; alter-
nately, vancomycin, ciprofloxacin, and rifampin were effective
in this model (28). However, the results of in vitro biofilm
studies are not consistent. Another investigation found that the

eradication of S. aureus ATCC 29213 and clinical strains of S.
epidermidis was not achieved by using simulated dosing regi-
mens of linezolid (600 mg every 12 h) or vancomycin (1 g every
12 h) in a one-compartment catheter biofilm model (43). In
addition, bacterial release from the biofilm persisted over the
48 h of the study (48).

Daptomycin ALT has been investigated with in vitro bio-
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film models. In an in vitro model with Hickman catheter
segments, daptomycin (1 mg/ml) formulated in lactated
Ringer’s solution with heparin (5,000 units/ml) was among
the best ALTs against methicillin-resistant S. aureus
(MRSA) (4). In an in vitro central venous catheter infection
model, both daptomycin and vancomycin catheter lock so-
lutions were effective in eradicating S. epidermidis at 72 h;
furthermore, daptomycin was effective in eliminating S. au-
reus, while vancomycin was not (27). The rapid effectiveness
of daptomycin is supported further by the observation that
daptomycin eradicated MRSA embedded in a biofilm after
3 days of 4-h daily exposures (38). Using this model, dap-
tomycin was shown to act faster than minocycline, tigecy-
cline, linezolid, vancomycin, and rifampin against in vitro
central venous catheter biofilm infections (38). The efficacy
of daptomycin compared to those of other antibiotics was
also demonstrated against biofilm-forming strains of staph-
ylococci in an antibiotic lock model and vascular graft model
(15). In the antibiotic lock model, for example, daptomycin
and rifampin were effective at eradicating staphylococcal
adherence by day 4, compared to day 7 for linezolid, gen-
tamicin, and vancomycin, while ceftriaxone failed to eradi-
cate staphylococcal adherence by day 10.

Daptomycin ALT has not been studied clinically. However,
a recent case report demonstrated that daptomycin treatment
of catheter-related MSSA acute endocarditis led to a cure after
the failure of 3 weeks of high-dose cefazolin treatment to
eradicate a tricuspid valve vegetation (10). Another case report
showed that high-dose, prolonged therapy with daptomycin
resolved both pacemaker-induced S. aureus acute bacterial en-
docarditis and persistent S. aureus bacteremia resulting from
an infected coronary stent (9). A third case report also dem-
onstrated the efficacy of daptomycin concurrently administered
systemically and via ALT for 14 days in a patient with S.
epidermidis bacteremia who had failed vancomycin therapy
(18). A fourth case report, however, demonstrated the failure
of daptomycin to eradicate S. epidermidis despite 5 weeks of
endovenous treatment and 6 weeks of ALT treatment with
daptomycin (19).

The major limitation of this study is that a rat model was
used. Although we optimized the conditions employed previ-
ously by Ulphani and Rupp (45), these optimized conditions
may not be the same as the complex conditions found within
human biofilms. Another limitation is that the 5-mg/ml con-
centration of daptomycin used for ALT in this study may not
be optimal, although it was based on previous investigations
that used concentrations ranging from 0.5 mg/ml to 40 mg/ml
(4, 15, 27, 38).

Conclusion. Concurrent ALT and systemic therapy with
daptomycin or vancomycin were equally effective in clearing
MRSE-infected central venous catheters and maintaining
clearance of the catheters for 1 week posttherapy. This sug-
gests that daptomycin ALT with concurrent systemic therapy
could be effective for eradicating staphylococcal central venous
catheter biofilm infections. If so, the occurrence of catheter-
related bacteremia or catheter-related metastatic infections
might be reduced. Clinical studies of daptomycin ALT are
warranted.
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