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The choice of an antimicrobial agent must balance optimization of efficacy endpoints with the minimization of safety events.
The risk versus benefit of daptomycin for patients with Staphylococcus aureus bacteremia with or without infective endocarditis
receiving daptomycin at 6, 8, and 10 mg/kg of body weight/day was assessed. The relationships between the area under the con-
centration-time curve over 24 h (AUC)/MIC ratio and both clinical response and time to decreased susceptibility were evaluated
using data from patients with such infections who received daptomycin at 6 mg/kg/day. Using these relationships, plus the previ-
ously identified relationship between the minimum concentration and an elevation in the creatine phosphokinase (CPK) con-
centration (CPK elevation) (S. M. Bhavnani, C. M. Rubino, P. G. Ambrose, and G. L. Drusano, Clin Infect Dis 50:1568 –1574,
2010) and Monte Carlo simulation, the probability of each outcome by MIC for daptomycin at 6, 8, and 10 mg/kg/day was calcu-
lated. The function for exposure-response relationships for clinical response (P � 0.06) and time to decreased susceptibility (P �
0.01) resembled U and inverted U shapes, respectively. Multivariable analyses demonstrated AUC/MIC ratio, creatinine clear-
ance, albumin concentration, and disease category to be predictors of clinical response. The results of simulations failed to dem-
onstrate large improvements in the probabilities of clinical success among cohorts of simulated patients defined by the above-
described predictive factors or the probability of decreased susceptibility at 30 days when the daptomycin dose was increased
from 6 to 10 mg/kg/day. The probability of CPK elevation increased from 0.073 to 0.156 over this dose range. These data can be
used to inform risk-versus-benefit decisions for daptomycin dose selection in patients with S. aureus bacteremia with or without
infective endocarditis. The risk of CPK elevation, which is reversible, should be weighed in the context of the mortality and se-
vere morbidity associated with these types of serious staphylococcal infections.

As with all drugs, the choice of antimicrobial agent must bal-
ance efficacy with safety. Safety considerations may have an

impact upon the choice of dosing regimen and the duration of
therapy. This is the case with aminoglycoside antimicrobial
agents, for which clinicians must explicitly balance the need for
efficacy against the risk of nephrotoxicity (1). On the other hand,
some drug toxicities are of less concern relative to the risk of clin-
ical failure in patients with serious and life-threatening infections.
Thus, there is more flexibility with the use of higher doses and
longer treatment durations. For daptomycin-treated patients with
Staphylococcus aureus infective endocarditis, the need for efficacy
may supersede the concern regarding an elevation in the creatine
phosphokinase (CPK) concentration (referred to here as CPK el-
evation), a sensitive biochemical signal of potential muscle toxic-
ity which has been observed during daptomycin therapy but
which has been demonstrated to be reversible upon drug discon-
tinuation (2).

When evaluating the risk of safety events for antimicrobial
agents, the risk of the development of antimicrobial resistance
should also be considered. Antimicrobial resistance can affect not
only an individual patient but also society as a whole. In the late
1980s, development of on-therapy Pseudomonas aeruginosa resis-
tance was recognized not long after the introduction of cipro-
floxacin (3, 4). The impact of this resistance, the rate of which was
likely accelerated by the initial suboptimal dosing of ciprofloxacin,
has limited the use of this agent in patient populations which
would have benefited the most.

Given that the likelihood of efficacy, the emergence of resis-
tance, and certain safety events can each be related to drug expo-
sure, the understanding of such relationships allows for optimiza-
tion of dosing regimens for which the probability of good

outcomes are maximized while the likelihood of suboptimal out-
comes are minimized. A previous analysis of phase 3 data from
patients with Staphylococcus aureus bacteremia with or without
infective endocarditis who received daptomycin at 6 mg/kg of
body weight once every 24 h for 10 to 42 days (5) demonstrated
relationships between daptomycin exposure and the probability
of CPK elevation (6). In an effort to assess risk-benefit consider-
ations for daptomycin at 6 and 8 mg/kg/day in patients with S.
aureus bacteremia with or without infective endocarditis, the
analyses described herein were undertaken to evaluate exposure-
response relationships for efficacy and decreased susceptibility.
Additionally, using the relationships for these endpoints and that
for a decreased probability of CPK elevation, the probability of
each of these outcomes independently and jointly was also evalu-
ated.

MATERIALS AND METHODS
Primary objectives. The primary objectives of these analyses were to eval-
uate the relationships between daptomycin exposure and the probabilities
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of both clinical success and time to decreased susceptibility of Staphylo-
coccus aureus to daptomycin using data from patients with S. aureus bac-
teremia with or without infective endocarditis enrolled in a previously
described phase 3 study (5). Using the exposure-response relationships
for these endpoints and that for CPK elevation (6), the joint probability of
favorable outcomes was evaluated. A plan for the statistical analysis of
each of these endpoints was written before the data from the phase 3 study
became available.

Study design. Daptomycin-treated patients from a phase 3, random-
ized, multicenter, open-label study of adult patients with bacteremia with
or without endocarditis due to S. aureus for whom sufficient pharmaco-
kinetic data to describe exposure measures were available were considered
evaluable for these analyses. Patients who were randomized to the dapto-
mycin treatment arm received daptomycin at 6 mg/kg intravenously every
24 h for 10 to 42 days (5). The institutional review board at each study site
approved the protocol, and all patients or their authorized representatives
provided written informed consent.

Patients were evaluated at baseline, at the end of therapy, and at 42
days after the end of therapy at the test-of-cure (TOC) visit. Blood samples
for culture were obtained daily until they were negative, as well as at the
end of therapy and at the TOC visit. Serum CPK concentrations were
measured three times during each week of daptomycin treatment. Five
serial blood samples for pharmacokinetic analyses were collected predos-
ing and 0.25 to 0.5, 1 to 1.5, 3 to 5, and 9 to 12 h following the end of the
infusion on day 5. Daptomycin plasma concentrations were determined
by a validated high-performance liquid chromatography assay. Addi-
tional details about this study are described elsewhere (5).

Endpoints evaluated. The two endpoints that were evaluated for the
exposure-response analyses were clinical response at the TOC visit and
time to decreased susceptibility of S. aureus to daptomycin. Clinical re-
sponse, the primary endpoint for the above-described phase 3 study (5),
was classified as success or failure. Cases that were classified as cure or
improvement were considered to be a clinical success. Clinical cure was
defined as the resolution of clinically significant signs and symptoms as-
sociated with the admission infection and no requirement for further
antibiotic therapy for the primary infection under study. Improvement
was defined as the partial resolution of clinical signs or symptoms of
infection such that no further antibiotic therapy for the primary infection
under study was required. Cases were considered to be a clinical failure if
any of the following occurred: classification of clinical or microbiologic
failure, death, failure to obtain a blood sample for culture, administration
of potentially effective nonstudy antibiotics, or discontinuation of study
medication due to clinical or microbiologic failure or an adverse event.
Only those patients with clinical failure associated with the study drug
were included in the analysis of clinical response.

The time to the decreased susceptibility of S. aureus to daptomycin
during therapy was determined on the basis of the results of repeat blood
cultures. Decreased susceptibility was defined as an increase in the dapto-
mycin MIC values of S. aureus isolates of 4-fold or greater relative to the
MIC value of the baseline S. aureus isolate.

Measures of daptomycin exposure. As described previously (6), a
two-compartment model with zero-order intravenous input and first-
order elimination was used to describe the disposition of daptomycin on
the basis of data from the population described herein. Using Bayesian
post hoc pharmacokinetic parameter estimates, the area under the plasma
concentration-time curve over 24 h (AUC) and the minimum (trough)
concentration (Cmin) on day 5 of daptomycin therapy were estimated for
each patient. AUC values were divided by the MIC value of the baseline S.
aureus isolate to derive the ratio of the AUC to the MIC (AUC/MIC ratio).
For exposure-response analyses of clinical response and time to decreased
susceptibility, the exposure measure evaluated was AUC/MIC ratio. Since
daptomycin is administered as a once daily dose, all pharmacokinetic-
pharmacodynamic indices would be highly correlated. Thus, given the
lack of ability to discriminate among such indices and the fact that previ-
ous dose fractionation data demonstrated that AUC/MIC ratio is most

closely related to outcome (7), this index was evaluated for the analyses
described herein. For the Monte Carlo simulation results that were used to
evaluate the probability of CPK elevation, Cmin was evaluated, given the
finding of the previously described exposure-response relationship be-
tween CPK elevation and Cmin (6), which was supported by preclinical
data (8).

Exposure-response analyses. The univariable relationship between
the probability of clinical success and AUC/MIC ratio in the form of a
continuous variable was evaluated using logistic regression. For categori-
cal forms of AUC/MIC ratio, univariable relationships were examined
using the chi-square test or Fisher’s exact test. Categorical variables for
AUC/MIC ratio consisted of two- and three-group variables which were
evaluated to account for potential nonlinearity and/or nonmonotonicity.
The thresholds for AUC/MIC ratio used to define categorical variables for
evaluation of exposure-response relationships for clinical response were
those that were optimally determined. A two-group variable for AUC/
MIC ratio was constructed by using the resulting split of a classification
tree for clinical response. A three-group variable for AUC/MIC ratio was
constructed by determining a pair of cutoff values that minimized the
likelihood ratio P value using logistic regression for clinical response.

Multivariable logistic regression with backwards stepping and a re-
moval criterion of a P value of �0.1 was carried out to determine the effect
of AUC/MIC ratio on the probability of clinical success in the context of
other independent variables. Other independent variables considered in-
cluded baseline demographic and disease characteristics, including pa-
tient age; renal function, as measured by creatinine clearance normalized
for body surface area (CLCR) (9); albumin concentration; and disease
category. Continuous independent variables were evaluated as such and as
two- and three-group categorical variables, as described above for AUC/
MIC ratio.

Univariable relationships for time to decreased susceptibility were ex-
amined using log rank tests for AUC/MIC ratio evaluated as a categorical
variable and Cox regression for AUC/MIC ratio evaluated as a continuous
variable. As described above for the analysis of clinical response, categor-
ical forms of AUC/MIC ratio consisting of two- and three-group variables
were considered. The thresholds for AUC/MIC ratio used to define these
categorical variables were those that were optimally determined for time
to decreased susceptibility. A two-group variable for AUC/MIC ratio was
constructed using the cutoff maximizing the log rank test derived from a
univariable Cox proportional hazard regression model for time to de-
creased susceptibility. A three-group variable for AUC/MIC ratio was
constructed by determining the pair of cutoff AUC/MIC ratio values that
achieved minimization of the log rank P value derived from Cox propor-
tional hazards regression.

Exposure-response analyses for clinical response and time to de-
creased susceptibility were performed using R (version 2.11.1) (10).

Monte Carlo simulation. Using mean parameter estimates and asso-
ciated standard deviations based on the previously developed population
pharmacokinetic model for daptomycin (6) and ADAPT II (11), Monte
Carlo simulation was carried out to generate 5,000 simulated steady-state
AUC and Cmin values following the administration of daptomycin at 6, 8,
and 10 mg/kg once daily.

Using the simulated AUC values associated with each dosing regimen,
mean model-predicted probabilities of clinical success for MIC values
ranging from 0.015 to 4 mg/liter and clinical scenarios based on the cate-
gories of independent variables retained in the multivariable model for
clinical response were determined for each patient. Likewise, the mean
model-predicted probability of reduced susceptibility at 30 days post-
therapy was determined for the above-described MIC values. Mean prob-
abilities by MIC were evaluated in the context of the MIC distribution for
methicillin-resistant S. aureus (MRSA) isolates based on recent surveil-
lance data (12).

Using simulated Cmin values associated with each dosing regimen and
the previously described relationship between the probability of CPK el-
evation and Cmin (6), the mean model-predicted probability of a CPK
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elevation was also determined. Briefly, univariable analyses based on the
data from 108 patients described herein revealed a relationship between
CPK elevation and a daptomycin Cmin of �24.3 mg/liter. CPK elevation
was defined using one of the two clinical scenarios: (i) no CPK elevations
at baseline followed by CPK elevations to �3 times the upper limit of
normal (ULN) based on two sequential measurements during the period
from day 4 (after three doses) to 3 days after the end of therapy with one or
two CPK elevations of �5 times the ULN and (ii) a baseline CPK concen-
tration greater than the ULN followed by CPK elevations to �5 times the
ULN on the basis of two sequential measurements during the period from
day 4 to 3 days after the end of therapy.

Mean model-predicted joint probabilities of favorable outcomes
(clinical success, no change in susceptibility, and no CPK elevation) by
MIC were determined for the simulated patients in each of the clinical
scenarios on the basis of the categories of independent variables retained
in the multivariable model for clinical response. Mean joint probabilities,
which assumed the independence of each outcome, were calculated by
multiplying the probabilities of individual favorable outcomes.

RESULTS
Patient population. Data from a total of 120 patients who re-
ceived 6 mg/kg/day of daptomycin were available for evaluation of
exposure-response relationships for clinical response at the TOC
visit and time to decreased susceptibility. Of these, 108 patients
had sufficient pharmacokinetic and CPK data for analysis; 101 had
baseline and follow-up S. aureus isolates for which MIC values
were available and were evaluable for the analysis of time to de-
creased susceptibility; 78 of the 108 patients were evaluable for the
analysis of clinical response. Table 1 shows the demographic char-
acteristics of the three patient populations, consisting of 108 (the
original analysis population for the exposure-response analysis of
CPK elevation [6]), 101, and 78 patients.

Analyses for clinical response. A relationship between the

probability of clinical success and AUC/MIC ratio (P � 0.06),
which resembled a U shape, was identified. Observed successful
clinical responses were 100% (8/8) and 75% (24/32) for patients
with AUC/MIC ratios of �1,081 and �2,337, respectively. For
patients in the middle of the AUC/MIC ratio range (AUC/MIC
ratio, �1,081 to �2,337), 60.5% (23/38) had a successful clinical
response.

Univariable analyses for clinical response demonstrated the
influence of three other independent variables: creatinine clear-
ance normalized for body surface area (CLCR; P � 0.001), the
albumin concentration (P � 0.002), and disease category (P �
0.02). The percentages of observed successful clinical responses
were 20% (2/10), 66.7% (18/27), and 85.4% (35/41) for patients
with CLCR values of �51.2, �51.2 to 88.9, and �88.9 ml/min/1.73
m2, respectively. The percentages of observed successful clinical
responses were 50% (14/28) and 84.4% (38/45) for patients with
albumin concentrations of �2.9 and �2.9 g/dl, respectively. For
patients with left-sided endocarditis, complicated or uncompli-
cated right-sided endocarditis or complicated bacteremia, and
uncomplicated bacteremia, the percentages of observed successful
responses were 28.6% (2/7), 70.2% (33/47), and 83.3% (20/24),
respectively. As each of these univariable relationships was con-
sidered biologically plausible, multivariable logistic regression
was then performed. The results of the final model are presented
in Table 2.

On the basis of combinations of different subcategories for the
four independent variables included in the multivariable model,
the model-predicted probability of clinical success was evaluated
for different clinical scenarios. Model-predicted probabilities of
clinical success as a function of the middle and higher AUC/MIC
ratio categories (�1,081 to �2,337 and �2,337, respectively) for

TABLE 1 Demographic characteristics for the analysis populations evaluated in the CPK elevation, time to decreased susceptibility, and efficacy
analyses

Characteristic
CPK elevation
(n � 108)

Time to decreased
susceptibility (n � 101)

Clinical response
(n � 78)

Median (minimum, maximum) value for:
Age (yr) 50 (21, 87) 52 (21, 87) 50 (21, 87)
Albumin concn (g/dl) 3.0 (1.6, 4.3) 3.0 (1.6, 4.3) 3.0 (1.6, 4.3)
Baseline wt (kg) 80.5 (52.0, 129) 81.0 (52.0, 129) 79.9 (52.0, 129)
Baseline CLCR (ml/min/1.73 m2)a 87.9 (27.3, 241) 83.3 (27.3, 213) 91.5 (33.7, 213)

% patients with the following diagnosis (no. with the
diagnosis/total no. tested):

Uncomplicated bacteremia 28.7 (31/108) 29.7 (30/101) 30.8 (24/78)
Complicated bacteremia 48.1 (52/108) 48.5 (49/101) 47.4 (37/78)
Uncomplicated right-sided endocarditis 4.6 (5/108) 5.0 (5/101) 6.4 (5/78)
Complicated right-sided endocarditis 11.1 (12/108) 8.9 (9/101) 6.4 (5/78)
Left-sided endocarditis 7.4 (8/108) 7.9 (8/101) 9.0 (7/78)

% patients of the following race (no. of the indicated
race/total no. of patients tested):

Asian 0.93 (1/108) 0.99 (1/101) 1.3 (1/78)
Black 27.8 (30/108) 27.7 (28/101) 28.2 (22/78)
Caucasian 61.1 (66/108) 63.4 (64/101) 64.1 (50/78)
Hispanic 6.5 (7/108) 5.0 (5/101) 3.8 (3/78)
Other 3.7 (4/108) 3.0 (3/101) 2.6 (2/78)

% male patients (no. of male patients/total no. of
patients tested)

58.3 (63/108) 59.4 (60/101) 57.7 (45/78)

a Estimated using the Cockcroft-Gault method (9).
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18 clinical scenarios are shown in Fig. 1. On the basis of inspection
of the four clusters of model-predicted probabilities of clinical
success (denoted by the rectangular boxes in Fig. 1), it was evident
that the cluster representing the highest probabilities demon-

strated the minimal impact of an AUC/MIC ratio increase from
the range of �1,081 to �2,337 to �2,337. The cluster represent-
ing the lowest probabilities demonstrated the substantial impact of
this AUC/MIC ratio increase, but the probability of clinical success
associated with higher AUC/MIC ratios was still low (�0.299). The
two clusters with probabilities in the middle demonstrated a clinically
important change in the probability of clinical success as a function of
an increase in AUC/MIC ratio, resulting in substantially higher prob-
abilities in the higher AUC/MIC ratio group.

Evaluation of the 18 specific clinical scenarios demonstrated
the following patterns: (i) the model-predicted probability of clin-
ical success was generally lower for scenarios in which patients had
left-sided endocarditis; (ii) if CLCR was �88.9 ml/min/1.73 m2,
the albumin concentration was �2.9 g/dl, and the disease category
was not left-sided endocarditis, the probability of clinical success
was generally high for either an AUC/MIC ratio in the range of
�1,081 to �2,337 or an AUC/MIC ratio of �2,337; thus, an in-
creased AUC/MIC ratio had less of an impact on the probability of
clinical success (i.e., differences in probabilities, �0.073); and (iii)
if either CLCR or the albumin concentration was lower (i.e., the
CLCR was �51.2 or 51.2 to 88.9 ml/min/1.73 m2 or the albumin
concentration was �2.9 g/dl) such that the probability of clinical
success for an AUC/MIC ratio of �1,081 to �2,337 was not very
close to either 0 or 1, then an AUC/MIC ratio increase from a value
of �1,081 to �2,337 to one of �2,337 had an impressive impact
on the probability of clinical success (i.e., with differences in prob-
abilities being as great as 0.306).

As shown in Fig. S1 in the supplemental material, an increase in
the MIC alone also influenced the mean model-predicted proba-
bility of clinical success for the simulated patients in the above-
described 18 clinical scenarios evaluated; increasing MIC values

TABLE 2 Multivariable logistic regression model for clinical success

Variable and value
Parameter
estimate (SE)

Odds ratio
(95% CId)

Likelihood
ratio P value

CLCR (ml/min/1.73 m2) �0.001
�51.2a 1
�51.2 to �88.9 2.59 (1.18) 13.3 (1.32–135)
�88.9 4.30 (1.35) 73.7 (5.21–1,042)

AUC/MIC ratio 0.091
�1,081b NE NE
�1,081 to �2,334a 1
�2,337 1.29 (0.94) 3.64 (0.57–23.2)

Albumin concn (g/dl) 0.039
�2.9a 1
�2.9 1.55 (0.78) 4.70 (1.02–21.5)

Diagnosis categoryc 0.086
1a 1
2, 3, or 4 1.85 (1.28) 6.34 (0.52–77.2)
5 3.03 (1.48) 20.8 (1.14–378)

a Represents the reference group.
b With a 100% observed response (8/8) in the group with AUC/MIC ratios of �1,081,
no estimates relative to this group could be obtained with maximum likelihood
estimation. NE, not estimated.
c Diagnosis category definitions are as follows: 1, left-sided endocarditis; 2, 3, or 4,
complicated right-sided endocarditis, uncomplicated right-sided endocarditis, or
complicated bacteremia, respectively; 5, uncomplicated bacteremia.
d CI, confidence interval.

FIG 1 Model-predicted probabilities of clinical success by AUC/MIC ratio category for 18 clinical scenarios. CLCR, creatinine clearance normalized for body
surface area; diagnosis 1, left-sided endocarditis; diagnoses 2, 3, or 4, complicated right-sided endocarditis, uncomplicated right-sided endocarditis or compli-
cated bacteremia, respectively; diagnosis 5, uncomplicated bacteremia.
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shifted more patients from the high to the intermediate AUC/MIC
ratio categories, for which the mean probability of clinical success
was lower. The shift in the mean probability of clinical success
from an MIC value of 0.5 to 0.06 mg/liter was greatest for
clinical scenarios for which mean probabilities were closer to
0.5, with the shift being as great as from 0.313 to 0.576 for
uncomplicated bacteremia with a CLCR of �51.2 ml/min/1.73
m2 and an albumin concentration of �2.9 g/dl. The ranges of
the shifts were above 0.10 and 0.20 for 10 and 7 of the clinical
scenarios, respectively.

Time to decreased susceptibility analyses. Of the 101 patients
that were evaluable for the time to decreased susceptibility, 11
(10.9%) had S. aureus isolates that had a 4-fold or greater change
in the MIC from the baseline MIC value for daptomycin, and 7 of
these isolates transitioned from susceptible to nonsusceptible
(13). For the remaining four patients, the follow-up S. aureus iso-
lates remained susceptible to daptomycin after the 4-fold change
in the MIC. It is important to note that in all seven patients for
whom nonsusceptible isolates (MIC, �2 mg/liter) emerged,
source control (e.g., an undrained abscess) was an issue.

As shown in Fig. 2A, a significant relationship between time to
decreased susceptibility and AUC/MIC ratio evaluated as a three-
group variable was identified (P � 0.013). At 30 days after the start
of therapy, the probabilities that the patient isolates would have
decreased susceptibility were 0, 0.278, and 0.081 in patients with
low (�1,480), intermediate (�1,480 to �1,970), and high
(�1,970) AUC/MIC ratios, respectively, and the pattern resem-
bled an inverted U shape (14). A depiction of this relationship
between the probability of deceased susceptibility at 30 days after
the start of therapy and AUC/MIC ratio is shown in Fig. 2B. The
data presented in Fig. 2B are provided in tabular format in Table
S1 in the supplemental material.

Monte Carlo simulation evaluating each of the outcomes.
Using the results of the above-described final model for clinical
response, the exposure-response relationship for time to de-
creased susceptibility, and the previously identified exposure-re-
sponse relationship for CPK elevation, the mean model-predicted
joint probability of favorable outcomes under the 18 clinical sce-
narios was evaluated for simulated patients receiving daptomycin
at 6 mg/kg/day. As shown in Fig. S2 in the supplemental material
and similar to what was seen for the mean model-predicted prob-
ability of clinical success in Fig. S1 in the supplemental material,
increasing MIC values alone also influenced the mean joint prob-
abilities of favorable outcomes; increasing MIC values shifted
more patients from the high to the intermediate AUC/MIC ratio
category, for which the probability of clinical success was lower
and the probability of decreased susceptibility was higher. The
shift in the mean joint probabilities of favorable outcomes from an
MIC value of 0.5 to 0.06 mg/liter was the greatest for clinical sce-
narios for which mean joint probabilities were closer to 0.5, with a
shift as great as from 0.237 to 0.491 for uncomplicated bacteremia
with a CLCR of �51.2 ml/min/1.73 m2 and an albumin concentra-
tion of �2.9 g/dl. The ranges of the shifts were above 0.10 and 0.20
for 13 and 8 of the clinical scenarios, respectively.

The mean probabilities of clinical success, decreased suscepti-
bility, and increased CPK elevation by MIC value were compared
for simulated patients after the administration of daptomycin at 6,
8, and 10 mg/kg/day. Of the 18 clinical scenarios, 4 were selected
for closer inspection. The mean probabilities of clinical success
and decreased susceptibility at days after the start of therapy by

MIC for the cohorts of simulated patients described by these four
clinical scenarios after administration of these daily doses of dap-
tomycin are shown in Fig. 3 and summarized in Table S1 in the
supplemental material. The four selected scenarios for which the
results are shown in Fig. 3 were the following: uncomplicated
bacteremia, a CLCR of �88.9 ml/min/1.73 m2, and an albumin
concentration of �2.9 g/dl (Fig. 3A); uncomplicated bactere-
mia, a CLCR of 51.2 to 88.9 ml/min/1.73 m2, and an albumin
concentration of �2.9 g/dl (Fig. 3B); left-sided endocarditis, a
CLCR of �88.9 ml/min/1.73 m2, and an albumin concentration
of �2.9 g/dl (Fig. 3C); and left-sided endocarditis, a CLCR of
�51.2 ml/min/1.73 m2, and an albumin concentration of �2.9
g/dl (Fig. 3D). The MIC distribution for MRSA shown was
based on recent U.S. surveillance data from 2005 to 2010 (12),
the MIC50 and MIC90 values for which were 0.25 and 0.5 mg/

FIG 2 Relationship between time to decreased susceptibility and AUC/MIC
ratio evaluated as a three-group variable (A) and a depiction of the relationship
between the probability of decreased susceptibility at 30 days after the start of
therapy and AUC/MIC ratio (B).
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liter, respectively. At an MIC value of 0.25 mg/liter, the mean
probabilities of clinical success for the simulated patients for
the four scenarios when the daptomycin dose was increased
from 6 to 10 mg/kg/day changed by 0.034, 0.095, 0.087, and
0.004, respectively (Fig. 3A to D). For the two dose levels, the
mean probabilities of decreased susceptibility were essentially
the same (0.097 versus 0.093); the mean probabilities of CPK
elevation were 0.073 and 0.156, respectively.

DISCUSSION

Using data from daptomycin-treated patients with S. aureus bac-
teremia with or without infective endocarditis, the analyses de-
scribed herein were undertaken to evaluate exposure-response re-
lationships for clinical response and decreased susceptibility.
Using the relationships identified for these endpoints and the re-
lationship previously described for CPK elevation (6), the joint
probability of favorable outcomes (i.e., clinical success, no change

in susceptibility, and no CPK elevation) was evaluated to assess the
risk versus benefit for different daptomycin dosing regimens.

An exposure-response relationship for clinical response was
identified, and the shape of that relationship resembled a U. That
is, patients that had AUC/MIC ratios that were lower (�1,081)
and higher (�2,337) had higher percentages of successful clinical
responses (100 and 75%, respectively). Of the patients with AUC/
MIC ratios in the middle of the range (�1,081 to �2,337), only
60.5% had successful clinical responses. When these data were
examined further, it was evident that patients with the lowest dap-
tomycin AUC/MIC ratio range also had the most favorable profile
of other variables found to be predictive of clinical success, includ-
ing better renal function (as measured by CLCR) and a higher
albumin concentration. Among the patients in this AUC/MIC
ratio range, there was also a greater percentage of patients with
uncomplicated bacteremia rather than complicated bacteremia
with or without infective endocarditis. Higher percentages of ob-

FIG 3 Mean probability of favorable response by MIC for simulated patients with uncomplicated bacteremia, a CLCR of �88.9 ml/min/1.73 m2, and an albumin
concentration of �2.9 g/dl (A), uncomplicated bacteremia, a CLCR of 51.2 to 88.9 ml/min/1.73 m2, and an albumin concentration of �2.9 g/dl (B), left-sided
endocarditis, a CLCR of �88.9 ml/min/1.73 m2, and an albumin concentration of �2.9 g/dl (C), and left-sided endocarditis, a CLCR of �51.2 ml/min/1.73 m2,
and an albumin concentration of �2.9 g/dl (D).
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served or probabilities of response in patients with low pharma-
cokinetic-pharmacodynamic indices and potentially other favor-
able factors have been reported previously (15, 16).

Application of the multivariable model to predict the proba-
bility of clinical success among cohorts of patients with combina-
tions of these characteristics served to identify those cohorts for
which optimal drug exposure had the most and the least impact.
For example, the magnitude of AUC/MIC ratio had a negligible
impact on the probability of clinical success in patients with re-
duced renal function (CLCR, �51.2 ml/min/1.73 m2), a lower al-
bumin concentration (�2.9 g/dl), and left-sided endocarditis (in-
crease in the probability of clinical success, 0.004 to 0.01) or good
renal function (CLCR, �88.9 ml/min/1.73 m2), a higher albumin
concentration (�2.9 g/dl), and uncomplicated bacteremia (in-
crease in the probability of clinical success, 0.966 to 0.990). How-
ever, for patients with left-sided endocarditis but good renal func-
tion and a higher albumin concentration, the impact of
optimizing AUC/MIC ratio on the probability of clinical success
was more impressive (increase in the probability of clinical suc-
cess, 0.577 to 0.832). The impact of improved drug exposure was
also impressive for patients with intermediate renal function
(CLCR 51.2 to 88.9 ml/min/1.73 m2), a lower albumin concentra-
tion, and uncomplicated bacteremia (increase in the probability
of clinical success, 0.522 to 0.799). Understanding the clinical sce-
narios on which drug exposure can have the most favorable influ-
ence allows the clinician to better consider the implications of
underdosing or treating infections caused by isolates with higher
MIC values on clinical response.

Just as with clinical response, the shape of the exposure-re-
sponse relationship for time to decreased daptomycin susceptibil-
ity during therapy was nonmonotonic. At 30 days after the start of
therapy, the probabilities of decreased susceptibility were 0, 0.278,
and 0.081 in patients with AUC/MIC ratios that were low
(�1,480), intermediate (�1,480 to �1,970), and high (�1,970),
respectively, thus resembling an inverted U shape. On the basis of
these findings, it was apparent that low drug pressure did not
select for a change in the MIC, but at an AUC/MIC ratio of �1,480
but �1,970, changes in MIC occurred. At an AUC/MIC ratio of
�1,970, the probability of decreased susceptibility was substan-
tially reduced. It is interesting to note that the thresholds for the
AUC/MIC ratio associated with decreased susceptibility (AUC/
MIC ratio, 1,970) and a higher probability of clinical response
(AUC/MIC ratio, 2,337) for the patient population described
herein were closely similar to that associated with a reduction in
the bacterial count from the baseline count of approximately 3
log10 CFU for S. aureus in a neutropenic murine thigh infection
model (AUC/MIC ratio, �2,000, on the basis of data comodeled
for four isolates) (17).

While exposure-response relationships are generally mono-
tonic (i.e., more therapeutic intensity leads to a greater effect, up
to a maximum value), results from studies conducted using in
vitro and murine infection models have shown that resistance sup-
pression is a distinctly nonmonotonic function and has a shape
that resembles an inverted U (14). Data from such models evaluat-
ing the activity of levofloxacin against P. aeruginosa served to show
that suboptimal drug exposures amplify the growth of less suscep-
tible bacterial populations until maximal amplification is ob-
tained (14, 18). Until now, the observation of such a function for
the exposure-response relationship for decreased susceptibility
has been limited to those based on nonclinical rather than clinical

data. The lack of reports based on clinical data describing this
phenomenon is perhaps not surprising, given that detection of
such relationships would require a priori knowledge of the non-
monotonic nature of exposure-response relationships for the
emergence of resistance.

In addition to considering exposure-response relationships for
clinical response and decreased susceptibility, a previously identified
relationship for CPK elevation was also considered. These data
showed relationships between the probability of CPK elevation and
Cmin evaluated as a continuous and categorical variable. In the case of
the latter, the probability of CPK elevation for patients with dapto-
mycin Cmin values of �24.3 mg/liter was 0.5, whereas it was 0.029 for
patients with Cmin values of �24.3 mg/liter (6). Using this relation-
ship and the observed proportion of musculoskeletal adverse events
among patients with CPK elevations (0.33), the percent probability of
musculoskeletal adverse events among simulated patients was fore-
casted for daptomycin dosing regimens of 8 and 10 mg/kg/day. The
probabilities of musculoskeletal adverse events of 3.6% and 5.1% for
daily doses of 8 and 10 mg/kg, respectively (6), were similar to ob-
served rates of 4.2% and 6.3%, respectively, based on recently pub-
lished data from randomized controlled studies (19, 20). Thus, these
recent data provide support for the predictive utility of these earlier
findings.

Using exposure-response relationships for clinical response,
time to decreased susceptibility, and CPK elevation, and the dap-
tomycin MIC value for the infecting S. aureus isolate, one can
understand the impact of higher MIC values on the probability of
a favorable outcome after administration of daptomycin at 6 mg/
kg/day. For example, for patients who have intermediate renal
function, a lower albumin concentration, and uncomplicated bac-
teremia and who have achieved the targeted AUC/MIC ratio of
�2,337, the mean joint probability of a favorable outcome de-
creased from 0.643 to 0.427 as the MIC increased from 0.12 to 0.5
mg/liter. In such cases where the probability of achieving the de-
sired AUC/MIC ratio is too low, the impact of which would be
increased probabilities of clinical failure and decreased suscepti-
bility, a higher daily dose of daptomycin should be considered. If
the clinician decides that the likelihood of a good clinical outcome
is too low or the probability of decreased susceptibility is too high,
a higher daily daptomycin dose could be considered and the im-
pact of a higher probability of CPK elevation could be factored
into the decision as to whether or not to alter the dosing regimen.

However, as shown by the results of simulations evaluating the
mean probabilities of clinical success and no change in suscepti-
bility, increases in the daily dose from 6 to 10 mg/kg did not result
in large improvements in the proportion of simulated patients
achieving clinical success or reduce the proportion of simulated
patient isolates with decreased susceptibility. The mean probabil-
ity of CPK elevation increased modestly from 0.073 to 0.156 with
this dose increase. The lack of an impressive change in the mean
probabilities of clinical success and decreased susceptibility was
expected, as the daptomycin AUC and, thus, dose would need to
more than double (e.g., the dose would need to increase from 6 to
12 mg/kg/day) to provide exposures adequate to cover a 1-dilu-
tion increase in the MIC. Increasing numbers of reports and
amounts of data from clinical studies provide support for the use
of higher doses of daptomycin (8 to 12 mg/kg/day) to improve
outcomes among patients with serious and life-threatening infec-
tions (21–26). The results of simulations conducted to evaluate
the mean probabilities of favorable outcomes with daptomycin at
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8 and 10 mg/kg/day should be interpreted with some caution since
the exposures and model-predicted probabilities estimated were
at or beyond those for the exposure range studied; thus, some
degree of extrapolation was required.

In summary, we have described relationships between dapto-
mycin exposure and the probability of clinical success, decreased
susceptibility, and CPK elevation. Using such relationships to pre-
dict the probability of good outcomes, clinicians can make in-
formed decisions regarding the risk versus the benefit of the ad-
ministration of a given daily dose of daptomycin for patients with
S. aureus bacteremia with and without endocarditis. The risk of
CPK elevation, which is reversible, needs to be weighed in the
context of the mortality and severe morbidity associated with
these types of serious infections. Lastly, understanding the rela-
tionship between AUC/MIC ratio and the change in the MIC pro-
tects the future of daptomycin for all patients.
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