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postantibiotic effect of 1 to 6 h (20, 21). In vivo experiments in
the neutropenic mouse thigh infection model indicated that
the free-drug area under the concentration-time curve over
24 h in the steady state/MIC (fAUC/MIC) ratio was most
closely related to the antimicrobial effect (8). Experiments in
an in vitro pharmacokinetic model showed that, using single
strains of MSSA and MRSA, the fAUC/MIC ratio for a bacteriostatic effect at 24 h was 40 and that for maximal effect,
⬎3-log-unit kill, it was 400 (19). This contrasts with animal
experiments where a fAUC/MIC ratio of 2 to 5 was associated
with a 24-h bacteriostatic effect (8). There are as yet no published data on the relationship between the telavancin fAUC/
MIC ratio and the antibacterial effect (ABE) against enterococci and no data on the relationship between the fAUC/MIC
ratio and the risk of emergence of resistance for S. aureus or
enterococci.
The aim of this study was to describe the antibacterial effects
of telavancin in comparison to those of vancomycin and teicoplanin against S. aureus and Enterococcus spp. In addition, the
relationship between the fAUC/MIC ratio, the antibacterial
effect, and the emergence of resistance are established for S.
aureus and enterococci. A dilution single-compartment in vitro
pharmacokinetic model was used.

Telavancin is a semisynthetic lipoglycopeptide with a broad
in vitro spectrum against Gram-positive human pathogens, including methicillin-resistant Staphylococcus aureus (MRSA)
(10, 20). Recent Europe-wide antimicrobial surveillance of
clinical Gram-positive isolates indicated that the telavancin
MIC90 for staphylococci was 0.25 g/ml, irrespective of methicillin resistance; the MIC90 for vancomycin-susceptible enterococci was 0.5 g/ml; and that for vancomycin-resistant
Enterococcus strains was 2 g/ml. Streptococcus pneumoniae
group A and B beta-hemolytic streptococci and viridans streptococci were all inhibited by ⱕ0.12 g/ml telavancin (9). The
MIC90 against hetero-vancomycin-intermediate S. aureus
(hVISA) and VISA strains with vancomycin MICs in the range
of 4 to 8 g/ml was 1 g/ml for telavancin (12).
Telavancin exhibits concentration-dependent killing of
methicillin-susceptible S. aureus (MSSA), MRSA, and hVISA
strains at concentrations 4, 8, and 16 times the MIC, with a
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The antibacterial effects of telavancin, vancomycin, and teicoplanin against six Staphylococcus aureus
strains (1 methicillin-susceptible S. aureus [MSSA] strain, 4 methicillin-resistant S. aureus [MRSA]
strains, and 1 vancomycin-intermediate S. aureus [VISA] strain) and three Enterococcus sp. strains
(1 Enterococcus faecalis strain, 1 Enterococcus faecium strain, and 1 vancomycin-resistant E. faecium
[VREF] strain) were compared using an in vitro pharmacokinetic model of infection. Analyzing the data
from all five vancomycin-susceptible S. aureus (VSSA) strains or all 4 MRSA strains showed that telavancin was superior in its antibacterial effect as measured by the area under the bacterial kill curve at 24 h
(AUBKC24) and 48 h (AUBKC48) in comparison to vancomycin or teicoplanin (P < 0.05). Telavancin was
also superior to vancomycin and teicoplanin in terms of its greater early killing effect (P < 0.05). Against
the three Enterococcus spp. tested, telavancin was superior to vancomycin in terms of its AUBKC24,
AUBKC48, and greater early bactericidal effect (P < 0.05). Dose-ranging studies were performed to provide
free-drug area under the concentration-time curve over 24 h in the steady state divided by the MIC
(fAUC/MIC) exposures from 0 to 1,617 (7 to 14 exposures per strain) for 5 VSSA, 4 VISA, and the 3
Enterococcus strains. The fAUC/MIC values for a 24-h bacteriostatic effect and a 1-log-unit drop in the
viable count were 43.1 ⴞ 38.4 and 50.0 ⴞ 39.0 for VSSA, 3.2 ⴞ 1.3 and 4.3 ⴞ 1.3 for VISA, and 15.1 ⴞ 8.8
and 40.1 ⴞ 29.4 for the Enterococcus spp., respectively. The reason for the paradoxically low fAUC/MIC
values for VISA strains is unknown. There was emergence of resistance to telavancin in the dose-ranging
studies, as indicated by subpopulations able to grow on plates containing 2ⴛ MIC telavancin concentrations
compared to the preexposure population analysis profiles. Changes in population analysis profiles were less
likely with enterococci than with S. aureus, and the greatest risk of changed profiles occurred for both species
at fAUC/MIC ratios of 1 to 10. Maintaining a fAUC/MIC ratio of >50 reduced the risk of subpopulations able
to grow on antibiotic-containing media emerging. These data help explain the clinical effectiveness of telavancin against MRSA and indicate that telavancin may have clinically useful activity against Enterococcus spp.,
and perhaps also VISA, at human doses of 10 mg/kg of body weight/day. In addition, they support a clinical
breakpoint of sensitive at <1 mg/liter for both S. aureus and Enterococcus spp.
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TABLE 1. Telavancin, vancomycin, and teicoplanin MICs for
S. aureus and the Enterococcus spp. used

TABLE 2. Pharmacokinetic parameters for telavancin, vancomycin,
and teicoplanin

MIC (mg/liter)
Strain type

Telavancin

22706
33024
36895
38002
38601
19898
24764
25949
26089
37976
37780
31040

0.25
0.19
0.19
0.38
0.19
0.75
1.0
1.0
0.75
0.25
0.12
1.5

Teicoplanin

1.5
0.19
2.0
1.5
1.0
8

0.12
0.25
0.19
0.25
0.19
16

0.75
0.25
128

0.12
0.12
1.5

MATERIALS AND METHODS
In vitro pharmacokinetic model. A New Brunswick Bioflo 1000 in vitro pharmacokinetic model (Hatfield, Hertfordshire, England) was used to simulate free
serum concentrations associated with dosages of telavancin, vancomycin, and
teicoplanin. The apparatus, which has been described in detail previously, consists of a single central chamber connected to a reservoir containing broth. The
central chamber is connected to a chamber collecting overflow (15). The contents
of the central chamber were diluted with broth using a peristaltic pump (Ismatec;
Bennett & Co., Weston-super-Mare, Somerset, England) at a flow rate of 38.9
ml/h for telavancin, 20 ml/h for teicoplanin, and 47.1 ml/h for vancomycin. The
temperature was maintained at 37°C, and the broth in the central chamber was
agitated using a magnetic stirrer.
Media. Ten percent Mueller-Hinton broth (MHB) was used in all experiments. Previously, we had shown that 10% broth is able to sustain the growth of
S. aureus and produced consistent and reproducible results in the model systems
(16). Nutrient agar plates (Oxoid, Basingstoke, Hampshire, England) were used
to recover S. aureus and enterococci from the in vitro model. Telavancin was
added to the nutrient agar plates in the studies on the emergence of resistance.
Strains. Four strains of MRSA and one strain of MSSA (vancomycin susceptible), four strains of MRSA with reduced vancomycin susceptibility (VISA), and
three strains of Enterococcus spp. were used. The telavancin, vancomycin, and
teicoplanin MICs for the strains are shown in Table 1. The hetero-VISA/VISA
phenotype was confirmed by population analysis profiles (27).
Antibiotics. Telavancin was provided by Astellas. Vancomycin and teicoplanin
were supplied by Alpharm Ltd., Basingstoke, Hampshire, England. Stock solutions were prepared according to the British Society of Antimicrobial Chemotherapy guidelines (1) and stored at ⫺70°C.
MICs. MICs were determined by the broth dilution method in 10% MHB
according to CLSI guidelines (3), except nondoubling dilutions were used to
more accurately determine the MIC.
Pharmacokinetics. Telavancin free-drug concentrations in serum associated
with a human dose of 10 mg/kg of body weight/24 h were simulated, that is, a
target maximum concentration of drug in serum (Cmax) of 11 mg/liter and a
serum half-life (t1/2) of 8 h (24). Two doses were simulated over 48 h. In addition,
dose-ranging simulations were performed using a t1/2 of 8 h and 24-h dosing to
achieve a range of AUCs to determine the fAUC/MIC–antibacterial-effect relationship. The free-drug concentrations associated with 1 g intravenous (i.v.)
vancomycin given every 12 h were an initial peak of 15 mg/liter and a trough at
12 h of 3.8 mg/liter, with a half-life of 6 h (7, 14). The free-drug concentrations
associated with 400 mg i.v. teicoplanin given every 24 h were an initial peak 4.5
mg/liter and a trough at 24 h of 0.75 mg/liter (6). Drug concentrations for
telavancin were determined by bioassay using diagnostic sensitivity test (DST)
agar and Bacillus subtilis as the indicator organism (1). Vancomycin and teicoplanin were assayed by polarization fluoroimmunoassay (Abbott, Berkshire, England).
ABEs. Experiments were performed at an inoculum density of 106 CFU/ml;
720 ml of a 109-CFU/ml bacterial suspension from a 24-h plate culture was added
to the sample chamber 45 min before dosing. Samples were taken throughout the
48-h period for determination of viable counts. Bacteria were quantified using a
spiral plater (Don Whitley Spiral Systems, Shiply, Yorkshire, England). The
minimum level of detection was 102 CFU/ml. Additional aliquots were also

Cmax (mg/liter)
AUC0–24 (mg/liter 䡠 h)
t1/2 (h)
C at 12 h (mg/liter)
C at 24 h (mg/liter)
a

Telavancin

Vancomycin

Teicoplanin

11.1 ⫾ 2.5
95.7 ⫾ 3.3
7.4 ⫾ 0.3
2.1 ⫾ 0.5
⬍1

13.9 ⫾ 0.2
193.4 ⫾ 16.2
5.0 ⫾ 0.4
4.4 ⫾ 1.0

3.6 ⫾ 0.9
43.6 ⫾ 11.2
14.0 ⫾ 6.0
1.6 ⫾ 0.6
⬍1

C, concentration.

stored at ⫺70°C for measurement of the antibiotic concentrations using bioassay
and polarization fluoroimmunoassay. All pharmacokinetic simulations of human
doses to determine ABE were performed in triplicate.
Emergence of resistance. Resistance to telavancin was assessed as described
previously, using population analysis profiles (15) at time zero (preexposure) and
at 24 h (postexposure). Samples were placed onto agar containing no antibiotics
and antibiotics at 1⫻, 2⫻, 4⫻, and 8⫻ the MIC to quantify any resistant subpopulations. The limit of detection was 102 CFU/ml.
Pharmacodynamics and measurement of ABE. The ABEs of the glycopeptides
were calculated by determining the log change in viable counts between time
zero and 6 h (⌬6), 12 h (⌬12), 24 h (⌬24), 36 h (⌬36), and 48 h (⌬48). The
maximum reduction in the viable count was also recorded (⌬ max). The time for
the inoculum to fall to 99% and 99.9% of its value at time zero was recorded as
T99 and T99.9, respectively. The area under the bacterial kill curve (AUBKC; log
CFU/ml 䡠 h) was calculated using the log-linear trapezoidal rule for the periods
0 to 24 h (AUBKC24) and 0 to 48 h (AUBKC48). The relationship between the
AUC/MIC ratio and the ABE was delineated using sigmoid Emax models
(Graph Pad Prizm; Graph Pad Software Inc., San Diego, CA).
The antibacterial effect measures were compared by analysis of variance
(ANOVA) test with the Tukey-Kramer posttest to determine which agents were
significantly different from each other.

RESULTS
Pharmacokinetic models. The measured pharmacokinetic
parameters for telavancin, vancomycin, and teicoplanin freedrug concentrations are shown in Table 2. Comparisons of the
measured antibiotic concentrations and the targeted serum
concentration-time profiles were in good agreement (data not
shown).
Anti-staphylococcal effect: comparison of telavancin, vancomycin, and teicoplanin at simulated human doses. A series of
simulations were performed to compare the antibacterial effect
of telavancin to those of vancomycin and teicoplanin versus
five strains of vancomycin-susceptible S. aureus (four MRSA
strains plus one MSSA strain). The AUBKC24 and AUBKC48
were taken as the coprimary endpoints to compare the activity
of telavancin to those of vancomycin and teicoplanin. For the
three MRSA strains (33024, 36895, and 38601) with telavancin
MICs of 0.19 g/ml, telavancin was superior to both vancomycin and teicoplanin at 24 h and 48 h (ANOVA, P ⬍ 0.05). For
MRSA strain 27706 (telavancin MIC, 0.25 g/ml) and the
MSSA strain (MIC, 0.38 g/ml), no differences were detected
between the strains in terms of antibacterial effects. Against
VISA strain 19898 (telavancin MIC, 0.75 g/ml), telavancin
and vancomycin were superior to teicoplanin (ANOVA, P ⬍
0.05). In analysis of the secondary endpoints, telavancin was
superior to teicoplanin as measured by the log drop in the
viable count at 6 h for MRSA strains 33024 and 38601, and
telavancin was superior to vancomycin and teicoplanin for
strain 33024. Against VISA strain 19898, telavancin was supe-
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MRSA
MRSA
MRSA
MSSA
MRSA
VISA
VISA
VISA
VISA
E. faecalis
E. faecium
E. faecium (VR)

Vancomycin

Value

Parametera

Strain no.

VOL. 55, 2011

PHARMACODYNAMICS OF TELAVANCIN

869

rior to vancomycin in terms of the log reduction in the viable
count at 6 h. For the log drop in the viable count at 12 h,
telavancin was superior to vancomycin and teicoplanin for
MRSA strains 33024 and 38601 (ANOVA, P ⬍ 0.05).
The relative antibacterial effects of telavancin, vancomycin,
and teicoplanin against MSSA, MRSA strain 36895, and a
VISA strain are shown in Fig. 1, and the comparable activities
of the drugs against the four MRSA strains are summarized in
Table 3. Telavancin was superior to vancomycin and teicoplanin against MRSA strains in terms of the log reduction in
viable counts at 6 h and 12 h; the maximum reduction in the
count; and the coprimary measures of antibacterial effect,
AUBKC24 and AUBKC48.
All three glycopeptides had poorer activity against the VISA

TABLE 3. Comparative antibacterial effects of free-drug serum
concentrations of simulations of telavancin, teicoplanin, and
vancomycin against pooled data from 4 MRSA strains
Value
ABE measure

No. of simulations
Log change in viable
count (log CFU/ml)
at (h):
6
12
24
36
48
Maximum reduction in
viable count (log
CFU/ml)
AUBKC24 (log CFU/
ml 䡠 h)
AUBKC48 (log CFU/
ml 䡠 h)
a

Telavancin

Teicoplanin

Vancomycin

18

12

17

⫺3.5 ⫾ 0.6a
⫺3.5 ⫾ 0.5a
⫺3.0 ⫾ 0.8
⫺3.0 ⫾ 0.7
⫺2.8 ⫾ 0.8

⫺2.0 ⫾ 0.4
⫺2.7 ⫾ 0.2
⫺2.8 ⫾ 0.5
⫺2.7 ⫾ 0.8
⫺2.1 ⫾ 1.4

⫺2.5 ⫾ 0.7
⫺3.0 ⫾ 0.7
⫺2.8 ⫾ 0.8
⫺2.7 ⫾ 0.9
⫺2.8 ⫾ 1.0

⫺4.0 ⫾ 0.5a

⫺3.2 ⫾ 0.5

⫺3.3 ⫾ 0.6

21.7 ⫾ 7.7a

42.0 ⫾ 5.3

36.9 ⫾ 13.7

43.8 ⫾ 20.0a

76.3 ⫾ 21.1

65.9 ⫾ 29.4

Telavancin was superior to vancomycin and teicoplanin (P ⬍ 0.05).

strain in terms of AUBKC24 than the five vancomycin-susceptible strains: for telavancin, the AUBKC of the VISA strain
was 55.1 ⫾ 4.8 mg/liter/h and the AUBKC of five vancomycinsusceptible S. aureus strains was 26.0 ⫾ 14.3 mg/liter 䡠 h (P ⬍
0.05). The vancomycin AUBKC for the VISA strain was 65.6 ⫾
10.8; and the AUBKC for vancomycin-susceptible S. aureus
was 40.3 ⫾ 15 (P ⬍ 0.05). The teicoplanin AUBKC for the
VISA strain was 92.8 ⫾ 5.0; the AUBKC for vancomycinsusceptible S. aureus was 44.3 ⫾ 7.0 (P ⬍ 0.05).
Antienterococcal effect: comparison of telavancin, vancomycin, and teicoplanin at simulated human doses. A second
series of experiments were performed to compare the antibacterial effects of telavancin, vancomycin, and teicoplanin against
three strains of Enterococcus spp.: vancomycin-susceptible Enterococcus faecalis (strain 37976), vancomycin-susceptible Enterococcus faecium (strain 37780), and vancomycin-resistant E.
faecium (strain 31040).
In terms of the coprimary antibacterial effect measures,
AUBKC24 and AUBKC48, telavancin was superior to vancomycin and teicoplanin against all three strains. The AUBKC24
for telavancin against strain 37976 (E. faecalis) was 59.9 ⫾ 3.0,
and the corresponding values were 74.7 ⫾ 4.1 for vancomycin
and 74.6 ⫾ 4.2 for teicoplanin (ANOVA, P ⬍ 0.05). The
AUBKC48 for telavancin against strain 37976 was 101.0 ⫾ 1.3,
that for vancomycin was 135.4 ⫾ 12.8, and that for teicoplanin
was 137.6 ⫾ 3.4 (ANOVA, P ⬍ 0.05). The AUBKC24 for
telavancin against strain 37780 (E. faecium) was 67.3 ⫾ 1.0, and
the corresponding values were 76.2 ⫾ 2.8 for vancomycin and
80.3 ⫾ 3.9 for teicoplanin (ANOVA, P ⬍ 0.05). The AUBKC48
for telavancin against strain 37780 was 113.5 ⫾ 3.9, that for vancomycin was 125.0 ⫾ 3.9, and that for teicoplanin was 146.5 ⫾ 9.9
(ANOVA, P ⬍ 0.05). The AUBKC24 for telavancin against
strain 31040 (vancomycin-resistant E. faecium) was 72.1 ⫾ 3.2,
and the corresponding values were 126.8 ⫾ 1.8 for vancomycin
and 121.2 ⫾ 1.9 for teicoplanin (ANOVA, P ⬍ 0.05). The
AUBKC48 for telavancin against strain 31040 was 137.6 ⫾ 7.1,
that for vancomycin was 262.3 ⫾ 5.9, and that for teicoplanin
was 242.1 ⫾ 3.4 (ANOVA, P ⬍ 0.05). In terms of the log drop
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FIG. 1. Antibacterial effect of simulated human free-drug serum concentration-time profiles of telavancin, vancomycin, and teicoplanin against
MSSA strain 38002 (a), MRSA strain 36895 (b), and VISA strain 19898 (c). The error bars indicate standard deviations.
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in the viable count at 6 h and 12 h, telavancin also had a
superior antibacterial effect against all three strains compared to either vancomycin or teicoplanin (ANOVA, P ⬍
0.05) (Fig. 2).
Dose-ranging S. aureus. A range of doses (n ⫽ 7 to 12) per
strain were used to provide fAUC/MIC ratios from 0 to 510.
The antibacterial effect was measured by the ⌬24 and
AUBKC24 for each strain. The ⌬24 was related to the fAUC/
MIC ratio using a sigmoid Emax model (Table 4 and Fig. 3).
Using the ⌬24 as the primary antibacterial-effect measure, the
fAUC/MIC ratio for vancomycin-susceptible S. aureus for
static effect was 43.1 ⫾ 38.4, the ⫺1-log-unit reduction in the
viable count was 50.0 ⫾ 39.0, and the ⫺2-log-unit reduction in
the count was 55.1 ⫾ 37.2 (Table 4). The 90% maximum
antibacterial effect, as measured by the AUBKC24, occurred at
fAUC/MIC ratios of ⬎40 (Fig. 3) for vancomycin-susceptible
S. aureus. There was marked strain-to-strain variability in the
fAUC/MIC ratio for the 24-h static effect, with a range from
3.1 to 95.0 among the 5 strains tested. Among the MRSA
strains (n ⫽ 4), the range in fAUC/MIC ratios for the static
effect was 11.8 to 95.0 (mean ⫾ standard deviation [SD],
53.1 ⫾ 36.1). In contrast to the four VISA strains, the fAUC/
MIC ratio for the 24-h static effect was 3.2 ⫾ 1.3 (range, 2.1 to
4.8); the ⫺1-log-unit reduction in the count was 4.3 ⫾ 1.3, and
the ⫺2-log-unit reduction in the count was 6.0 ⫾ 1.1 (Table 4).
Dose-ranging: enterococci. A range of doses (n ⫽ 9 to 14)
per strain were used to provide fAUC/MIC ratios up to 1,617.
The antibacterial effect was measured, as for S. aureus, by the
⌬24 and AUBKC24 and related to the fAUC/MIC ratio in a
sigmoid Emax model (Table 4 and Fig. 3). Employing the ⌬24,
the fAUC/MIC ratio for a 24-h static effect ranged from 5.6 to
22.9 (mean, 15.1). The 90% maximum antibacterial effect, as
measured by the AUBKC24, occurred at a fAUC/MIC ratio of
⬎70 (Fig. 3).
Emergence of resistance to telavancin. With the 10-mg/kg/24
h dose simulations, no emergence of resistance occurred, as
measured by changes in population analysis profiles over 48 h,

with either S. aureus or Enterococcus spp. Changes in population profiles for S. aureus were related to the fAUC/MIC ratio
and occurred in 100% of the experiments where the fAUC/
MIC ratio was in the range from ⬎1 to 10 but in none of the

TABLE 4. Relationship between telavancin free-drug AUC/MIC
ratio and antibacterial effect at 24 h for vancomycin-susceptible
S. aureus, vancomycin-intermediate S. aureus, and
Enterococcus spp.
fAUC/MIC ratio
Strain

MRSA
33024
36895
38601
27706
38002

Telavancin
MIC
(g/ml)

Static effect

⫺1-log-unit
reduction in
viable count

⫺2-log-unit
reduction in
viable count

0.19
0.19
0.19
0.25
0.38

95.0
67.7
37.8
11.8
3.1

98.4
80.4
43.3
23.5
4.4

105.5
95.5

43.1 ⫾ 38.4

50.0 ⫾ 39.0

55.1 ⫾ 37.2

2.1
4.8
2.3
3.7

3.1
6.1
3.6
4.7

3.2 ⫾ 1.3

4.3 ⫾ 1.3

0.12

17.0

60.2

0.25

5.6

6.3

1.5

22.9

53.7

15.1 ⫾ 8.8

40.1 ⫾ 29.4

Mean ⫾ SD
VISA
19898
26089
24764
25949

0.75
0.75
1.0
1.0

Mean ⫾ SD
E. faecium
37780
E. faecalis
37976
VR E. faecium
31040
Mean ⫾ SD

49.6
15.8

4.7
7.4
5.9
6.0
6.0 ⫾ 1.1

170
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FIG. 2. Antibacterial effect of simulated human free-drug serum concentration-time profiles of telavancin, vancomycin, and teicoplanin against
E. faecalis strain 37976 (a), E. faecium strain 37780 (b), and vancomycin-resistant E. faecium strain 31040 (c). The error bars indicate standard
deviations.
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experiments where the fAUC/MIC ratio was ⬎400 (Table 5).
The number of CFU able to grow on culture plates containing
telavancin at 2⫻ the MIC was also related to the fAUC/MIC
ratio and was highest at values of ⬎1 to 3 and lowest at
fAUC/MIC ratios of ⬎400 (Table 5). With enterococci, the
risk of changes in the telavancin population profile was greatest at fAUC/MIC ratios of ⬎3 to 10 (Table 5), and the overall
risk of emergence of resistance with enterococci was less than
with S. aureus, occurring in 6/33 experiments with enterococci
compared to 18/38 with S. aureus.
DISCUSSION
Telavancin at humanized drug exposures has been shown to
be as effective as humanized doses of vancomycin against
MRSA in a rabbit endocarditis model and superior to vancomycin in MRSA infection in murine pneumonia and bacteremia models (17, 22, 23). In an in vitro pharmacokinetic
endocarditis model, total serum concentrations of telavancin associated with 10-mg/kg/24 h doses were superior in their
effects to those associated with 1-g/12 h vancomycin doses
against an MSSA strain, but not an MRSA strain (11). Our
data help explain these discrepant findings by showing that
different MRSA or S. aureus strains vary in their responses to
humanized exposures of telavancin and vancomycin, so that for
most, but not all, strains telavancin has a antibacterial effect
superior to that of vancomycin. Our analysis of all our MRSA
data (4 strains) and all the data on vancomycin-susceptible S.
aureus strains (5 strains) indicates a clear superiority of telavancin over vancomycin in terms of early bactericidal action

(up to 12 h), as well as the total antibacterial effect over 24 or
48 h. There are no published preclinical data comparing the
antibacterial effects of telavancin and teicoplanin against S.
aureus. As with vancomycin, telavancin shows superiority to
teicoplanin for the majority of individual strains tested and also
in the analysis of all S. aureus strains together. A clearer picture is emerging from preclinical models in terms of telavancin
activity against hVISA and VISA strains. Telavancin has been
shown to be more bactericidal than vancomycin against hVISA
and VISA strains in a rabbit endocarditis model (17, 18). In
addition, simulation of total drug serum concentrations of telavancin and vancomycin modeled in an in vitro endocarditis
system again showed superiority of telavancin over vancomycin
against hVISA and VISA (11). Our data employing a single
VISA strain indicate telavancin is superior to vancomycin in
terms of its early bactericidal activity and superior to teicoplanin over 24 or 48 h. Teicoplanin’s antibactericidal effect against
the VISA strain was noticeably poor.
There are no published data on the comparative activities of
telavancin, vancomycin, and teicoplanin against enterococcal
species. Against the vancomycin-susceptible E. faecalis and E.
faecium strains we tested, telavancin was superior to vancomycin and teicoplanin in terms of its early bactericidal activity up
to 12 h and also its overall antibacterial effect up to 24 or 48 h.
Telavancin also had a noticeably greater antibacterial effect
against vancomycin-resistant Enterococcus spp. (VRE) than
either vancomycin or teicoplanin. However, the strain we used
had a telavancin MIC of 1.5 g/ml, and VRE strains have
telavancin MICs up to 8 g/ml, with MIC50 values of 2 to 4

TABLE 5. Relationship between telavancin free-drug AUC/MIC ratio and risk of emergence of resistance in vancomycin-susceptible
S. aureus and Enterococcus sp. strains as assessed by organism growth on 2⫻ MIC recovery media
S. aureus
fAUC/MIC ratio
No. of expt

⬍1
ⱖ1–3
⬎3–10
⬎10–50
⬎50–175
⬎175–400
⬎400

0
8
3
8
7
7
5

Enterococcus spp.

% with growth on
2⫻ MIC recovery
media (n)

Viable count (log CFU/ml) on
2⫻ MIC recovery plates

100 (8)
100 (3)
50 (4)
29 (2)
14 (1)
0

5.6 ⫾ 1.9
4.7 ⫾ 0.6
4.3 ⫾ 1.1
4.2
2.1
⬍2

No. of expt

% with growth on
2⫻ MIC recovery
media (n)

Viable count (log CFU/ml) on
2⫻ MIC recovery plates

3
7
5
6
3
4
5

0
29 (2)
60 (3)
17 (1)
0
0
0

⬍2
3.6
3.1 ⫾ 0.9
4.4
⬍2
⬍2
⬍2
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FIG. 3. Telavancin fAUC/MIC relationship AUBKC24 for vancomycin-susceptible S. aureus (a) and Enterococcus spp. (b).
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cin was administered to healthy volunteers was 762 ⫾ 81 mg/
liter 䡠 h; however, as protein binding is about 90%, a free-drug
AUC24 of about 50 to 100 mg/liter 䡠 h may be expected in
infected patients (13, 24). Given a fAUC/MIC target of 40 to
50 for VSSA and 25 to 50 for enterococci, our data would
support a clinical breakpoint for these species of ⱕ1 mg/liter
telavancin. This indicates that VSSA and VSE strains should
respond clinically to 10 mg/kg/day telavancin and is supported
by the clinical-trial evidence so far published for VSSA (25).
There are no clinical data on telavancin’s effectiveness against
hVISA or VISA strains, but our findings of a low fAUC/MIC
ratio to produce a 24-h bacteriostatic effect, together with
other preclinical model data, are supportive of the potential to
use telavancin to treat such strains.
In conclusion, the pharmacokinetic infection model data
indicate telavancin is likely to have a clinically useful antibacterial effect in therapy of VSSA, VISA, and enterococcal infections in humans. Telavancin had an antibacterial effect superior to those of vancomycin and teicoplanin against most
strains of MRSA and enterococci, while a fAUC/MIC ratio of
40 to 50 was associated with a 24-h bacteriostatic to ⫺1-logunit kill of VSSA and enterococci. A paradoxically low fAUC/
MIC ratio of 2 to 6 for VISA strains suggests telavancin may
have useful activity against these still rare pathogens. The
emergence of resistance risk can be minimized by keeping
the telavancin fAUC/MIC ratio ⬎50 for both S. aureus and
enterococci.
ACKNOWLEDGMENT
This study was supported financially by Astellas Pharma Europe,
Staines, London, United Kingdom.
REFERENCES
1. Andrews, J. M. 1999. Microbiological assays, p. 45–63. In D. S. Reeves, R.
Wise, J. M. Andrews, and L. O. White (ed.), Clinical microbiological assays.
Oxford University Press, Oxford, United Kingdom.
2. Bowker, K. E., A. R. Noel, and A. P. MacGowan. 2009. Comparative antibacterial effects of daptomycin, vancomycin and teicoplanin studied in an in
vitro pharmacokinetic model of infection. J. Antimicrob. Chemother. 64:
1044–1051.
3. Clinical and Laboratory Standards Institute. 2005. Performance standards
for antimicrobial susceptibility testing. CLSI document M100-S16. Clinical
and Laboratory Standards Institute, Wayne, PA.
4. Craig, W. A., and D. R. Andes. 2006. In vivo pharmacodynamics of vancomycin against VISA, heteroresistant VISA and VSSA in the neutropenic
murine thigh infection model, abstr. A-644, p. 16. Abstr. 46th Intersci. Conf.
Antimicrob. Agents Chemother. American Society for Microbiology, Washington, DC.
5. Dudley, M., D. Griffith, E. Corcoran, C. Liu, K. Sorensen, V. Tembe, D.
Cotter, S. Chamberland, and S. Chen. 1999. Pharmacokinetic-pharmacodynamic indices for vancomycin treatment of susceptible and intermediate S.
aureus in the neutropenic mouse thigh model, abstr. 2031, p. 49. Abstr. 39th
Intersci. Conf. Antimicrob. Agents Chemother. American Society for Microbiology, Washington, DC.
6. European Committee on Antimicrobial Susceptibility Testing. 2010. Rationale for the EUCAST clinical breakpoints version 2.1, 17 June 2010.
Teicoplanin. http://www.eucast.org/filesadmin/src/media/PDFs/EUCAST
_files/Rationale_documents.
7. European Committee on Antimicrobial Susceptibility Testing. 2010. Rationale for the EUCAST clinical breakpoints version 2.1, 17 June 2010. Vancomycin. http://www.eucast.org/filesadmin/src/media/PDFs/EUCAST_files
/Rationale_documents.
8. Hegde, S. S., N. Reyes, T. Wiens, N. Vanasse, R. Skinner, J. McCullough, K.
Kaniga, J. Pace, R. Thomas, J.-P. Shaw, G. Obedenico, and J. K. Judice.
2004. Pharmacodynamics of telavancin (TD-6424), a novel bactericidal agent
against Gram-positive bacteria. Antimicrob. Agents Chemother. 48:3043–
3050.
9. Jansen, W. T. M., A. Verel, J. Verhoef, and D. Milatovic. 2007. In vitro
activity of telavancin against Gram-positive clinical isolates recently obtained
in Europe 2007. Antimicrob. Agents Chemother. 51:3420–3424.

Downloaded from http://aac.asm.org/ on February 27, 2021 by guest

g/ml (9, 10); hence, this strain, though typical of VRE, does
not have an especially high telavancin MIC.
The sizes of the total drug AUC/MIC ratio associated with a
24-h static or ⫺1-log-unit reduction in viable counts of S.
aureus in a neutropenic mouse thigh infection model were 70
to 90 and 300 to 350, respectively (8). The 24-h static dose/MIC
ratio varied by 10-fold across the 8 strains of S. aureus tested,
indicating considerable strain-to-strain variation. In contrast to
these data, Odenholt et al. (19), using an in vitro pharmacokinetic model but only a single S. aureus strain, reported that a
free-drug AUC/MIC ratio of 50 produced a 24-h bacteriostatic
effect, while a fAUC/MIC ratio of 400 was required for maximum effect. Our data are more in keeping with those of
Odenholt in that a free-drug AUC/MIC ratio of 43.1 ⫾ 38.4
was needed to produce a 24-h bacteriostatic effect, a ratio of
50.0 ⫾ 39.0 was needed for a ⫺1-log-unit reduction in the
viable count, and a ratio of ⬎150 was associated with a maximum effect against vancomycin-susceptible S. aureus strains.
Among our 5 S. aureus strains, there was a 30-fold betweenstrain variation in the fAUC/MIC ratio required for static
effect; this is greater than the 5-fold variation we noted with
daptomycin and the 12-fold variation with tomopenem (2, 16)
when tested with S. aureus. The fAUC/MIC ratio for antibacterial effect of telavancin on VISA strains has not been previously reported. Our data indicate that the fAUC/MIC ratios
for static and ⫺1-log-unit reductions in viable counts of VISA
strains are 10- to 20-fold lower than with vancomycin-susceptible S. aureus (VSSA) strains. The reason for this finding is
unclear and may be artifactual, related to a greater number of
VISA strains being required to produce a single CFU on recovery media. This in turn could be related to a greater propensity for VISA strains to clump compared to VSSA strains as
a result of cell wall changes. Results similar to ours have been
reported previously, comparing the activities of vancomycin
against VISA and VSSA. Turner et al. (26) showed that the
vancomycin-nonsusceptible subpopulation of VISA strains was
more rapidly eradicated from an in vitro pharmacokinetic
model than the susceptible population after exposure to vancomycin using simulated human pharmacokinetics. A decade
ago, Dudley et al. (5) reported that lower vancomycin AUC/
MIC ratios were required for VISA than VSSA strains to
produce a 50% maximum kill or a maximum kill in a neutropenic murine thigh model. More recently, Craig and Andes (4)
showed that the vancomycin fAUC/MIC ratios for ⫺2-log-unit
kill with VISA were 28 to 40 but that they were 138 to 263 for
other S. aureus strains.
The maximum risk of emergence of resistance to telavancin was at fAUC/MIC ratios below the 24-h static-effect size.
With VSSA strains, a resistant subpopulation was recovered
in 100% (11/11) of experiments performed, with fAUC/MIC
ratios of 1 to 10. The resultant subpopulations were less likely
to be detected with Enterococcus spp., occurring in 42% (5/12)
of experiments. Previously, we described similar data with S.
aureus strains exposed to tomopenem or daptomycin, that is,
the maximum risk of resistance and its maximum amplification
occur below the 24-h bacteriostatic-effect size of the dominant
pharmacodynamic index. However, there is also a smaller but
quantifiable risk at the pharmacodynamic index size associated
with a 24-h bacteriostatic effect or ⫺1-log-unit kill (2, 16).
The total AUC24 (mg/liter 䡠 h) when 10 mg/kg/day telavan-

ANTIMICROB. AGENTS CHEMOTHER.

VOL. 55, 2011

20.

21.

22.

23.

24.

25.

26.

27.

873

telavancin against methicillin-resistant and methicillin-susceptible Staphylococcus aureus strains in the presence of human albumin or serum in an in
vitro kinetic model. Antimicrob. Agents Chemother. 51:3311–3316.
Pace, J. L., K. Krause, D. Johnston, D. Debabov, T. Wu, L. Farrington, C.
Lane, D. L. Higgins, B. Christensen, J. K. Judice, and K. Kaniga. 2003. In
vitro activity of TD-6424 against Staphylococcus aureus. Antimicrob. Agents
Chemother. 47:3602–3604.
Pankuch, G. A., and P. C. Appelbaum. 2009. Postantibiotic effects of telavancin against 16 Gram-positive organisms. J. Antimicrob. Chemother. 53:
1275–1277.
Reyes, N., R. Skinner, K. Kaniga, K. M. Krause, J. Shelton, G. P., Obedencio, A. Gough, M. Conner, and S. S. Hedge. 2005. Efficacy of telavancin
(TD-6424), a rapidly bactericidal lipoglycopeptide with multiple mechanisms
of action, in a murine model of pneumonia induced by methicillin resistant
Staphylococcus aureus. Antimicrob. Agents Chemother. 49:4344–4346.
Reyes, N., R. Skinner, B. M. Benton, K. M. Krause, J. Shelton, G. Obedencio, and S. S. Hedge. 2006. Efficacy of telavancin in a murine model of
bacteraemia induced by methicillin resistant Staphylococcus aureus. J. Antimicrob. Chemother. 58:462–465.
Shaw, J. P., J. Seroogy, K. Kaniga, D. L. Higgins, M. Kitt, and S. Barriere.
2005. Pharmacokinetics, serum inhibitory and bactericidal activity and safety
of telavancin in healthy subjects. Antimicrob. Agents Chemother. 49:195–
201.
Stryjewski, M. E., V. H. Chu, W. D. O’Riordan, B. L. Warren, L. M. Dunbar,
D. M. Young, M. Vallee, V. G. Fowler, J. Morganroth, S. L. Barriere, M. M.
Kitt, and G. R. Covey. 2006. Telavancin versus standard therapy for the
treatment of complicated skin and skin structure infections caused by Grampositive bacteria: FAST 2 Study. Antimicrob. Agents Chemother. 50:862–
867.
Turner, J., R. A. Howe, M. Wootton, K. E. Bowker, H. A. Holt, V. Salisbury,
P. M. Bennett, T. R. Walsh, and A. P. MacGowan. 2001. The activity of
vancomycin against heterogeneous vancomycin-intermediate methicillin-resistant Staphylococcus aureus explored using an in vitro pharmacokinetic
model. J. Antimicrob. Chemother. 48:727–730.
Wootton, M., R. A. Howe, R. Hillman, T. R. Walsh, P. M. Bennett, and A. P.
MacGowan. 2001. A modified population analysis profile (PAP) method to
detect hetero-resistance to vancomycin in Staphylococcus aureus in a UK
hospital. J. Antimicrob. Chemother. 47:399–403.

Downloaded from http://aac.asm.org/ on February 27, 2021 by guest

10. King, A., I. Phillips, and K. Kaniga. 2004. Comparative in vitro activity of
telavancin (TD-6424), a rapidly bactericidal, concentration-dependent antiinfective with multiple mechanisms of action against Gram-positive bacteria.
J. Antimicrob. Chemother. 53:797–803.
11. Leonard, S. N., V. Vidaillac, and M. J. Rybak. 2009. Activity of telavancin
against staphylococcus aureus strains with various vancomycin susceptibilities in an in vitro pharmacokinetic/pharmacodynamic model with simulated
endocardial vegetations. Antimicrob. Agents Chemother. 53:2928–2933.
12. Leuthner, K. D., C. M. Cheung, and M. J. Rybak. 2006. Comparative activity
of the new lipoglycopeptide telavancin in the presence and absence of serum
against 50 glycopeptide non-susceptible staphylococci and three vancomycinresistant Staphylococcus aureus. J. Antimicrob. Chemother. 58:338–342.
13. Lodise, T. P., M. Gotfried, S. Barriere, and G. L. Drusano. 2008. Telavancin
penetration into human epithelial lining fluid determined by population
pharmacokinetic modelling and Monte Carlo simulation. Antimicrob.
Agents Chemother. 52:2300–2304.
14. MacGowan, A. P., D. S. Reeves, and R. Wise. 1999. Clinical interpretation of
antimicrobial assays, p. 1–11. In D. S. Reeves, R. Wise, J. M. Andrews, and
L. O. White (ed.), Clinical antibiotic assays. Oxford University Press, Oxford,
United Kingdom.
15. MacGowan, A. P., C. A. Rogers, H. A. Holt, and K. E. Bowker. 2003. Activities of moxifloxacin against, and emergence of resistance in Streptococcus
pneumoniae and Pseudomonas aeruginosa in an in vitro pharmacokinetic
model. Antimicrob. Agents Chemother. 47:1088–1095.
16. MacGowan, A. P., K. E. Bowker, and A. R. Noel. 2008. Pharmacodynamics of
the antibacterial effect and emergence of resistance to tomopenem, formerly
RO 4908463/CS-023, in an invitro pharmacokinetic model of Staphylococcus
aureus infection. Antimicrob. Agents Chemother. 52:1401–1406.
17. Madrigal, A. G., L. Basuino, and H. F. Chambers. 2005. Efficacy of telavancin in a rabbit model of aortic valve endocarditis due to methicillin-resistant
Staphylococcus aureus or vancomycin intermediate Staphylococcus aureus.
Antimicrob. Agents Chemother. 49:3163–3165.
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