CLINICAL THERAPEUTICS

crossm
Pilot Study of a Bayesian Approach To
Estimate Vancomycin Exposure in Obese
Patients with Limited Pharmacokinetic
Sampling
Albany College of Pharmacy and Health Sciences, Albany, New York, USAa; Albany Medical Center Hospital,
Albany, New York, USAb

ABSTRACT This study evaluated the predictive performance of a Bayesian PK estimation method (ADAPT V) to estimate the 24-h vancomycin area under the curve
(AUC) with limited pharmacokinetic (PK) sampling in adult obese patients receiving
vancomycin for suspected or conﬁrmed Gram-positive infections. This was an Albany
Medical Center Institutional Review Board-approved prospective evaluation of 12 patients. Patients had a median (95% conﬁdence interval) age of 61 years (39 to 71
years), a median creatinine clearance of 86 ml/min (75 to 120 ml/min), and a median
body mass index of 45 kg/m2 (40 to 52 kg/m2). For each patient, ﬁve PK concentrations were measured, and four different vancomycin population PK models were
used as Bayesian priors to estimate the vancomycin AUC (AUCFULL). Using each PK
model as a prior, data-depleted PK subsets were used to estimate the 24-h AUC (i.e.,
peak and trough data [AUCPT], midpoint and trough data [AUCMT], and trough-only
data [AUCT]). The 24-h AUC derived from the full data set (AUCFULL) was compared
to the AUC derived from data-depleted subsets (AUCPT, AUCMT, and AUCT) for each
model. For the four sets of analyses, AUCFULL estimates ranged from 437 to 489
mg·h/liter. The AUCPT provided the best approximation of the AUCFULL; AUCMT and
AUCT tended to overestimate AUCFULL. Further prospective studies are needed to
evaluate the impact of AUC monitoring in clinical practice, but the ﬁndings from this
study suggest that the vancomycin AUC can be estimated with good precision and
accuracy with limited PK sampling using Bayesian PK estimation software.
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ancomycin is the drug of choice for treating patients with serious infections due to
methicillin-resistant Staphylococcus aureus (1, 2). To standardize dosing and monitoring, a consensus statement was recently published and identiﬁed an area under the
curve (AUC)/MIC ratio of ⱖ400 as the critical vancomycin pharmacokinetic/pharmacodynamic (PK/PD) index (2). Although the AUC/MIC ratio was deemed the critical target,
the statement recommends trough, not AUC monitoring. Since the publication of these
guidelines, trough monitoring has been widely adopted across health care institutions
across the world (3, 4).
Although troughs were deemed a surrogate for AUCs, numerous studies have
established the therapeutic discordance between trough and daily AUC values. Although a trough ensures a minimal daily AUC value, a wide range of AUCs can result
from dosing regimens yielding identical trough values (5–8). This ﬁnding is not surprising because the AUC reﬂects the cumulative exposure over a deﬁned period of time.
In contrast, the trough represents a single exposure point at the end of the dosing
interval and is highly dependent on the dose, dosing frequency, and vancomycin
clearance. This has clear implications for clinical practice as a trough of 15 to 20 mg/liter
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TABLE 1 Baseline demographics
Patient data (n ⴝ 12)a
61 (39–71)
7 (58)
86 (75–120)
12 (100)
1 (8)
45 (40–52)

Vancomycin dose (mg)
1,000
1,500

6 (50)
6 (50)

Vancomycin interval (h)
8
12

3 (25)
9 (75)
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Baseline demographic
Age (yr)
No. male
Creatinine clearance (ml/min)
No. Caucasian
No. initially admitted to the ICU
BMI

aData,

unless speciﬁed otherwise in column 1, are expressed as the median (IQR) or the number (%) of
patients.

may lead to suboptimal AUC/MIC ratios in certain patients. Conversely, troughs of 15 to
20 mg/liter may elevate the risk of acute kidney injury in others (9).
Despite the potential advantages of AUC monitoring, clinicians have been hesitant
to move away from trough-only monitoring due to the perceived difﬁculty in determining the AUC in real-time practice (7). Historically, determination of the AUC in
clinical practice involved the collection of multiple PK samples over the same dosing
interval. Neely et al. (6), however, recently demonstrated that AUCs can be accurately
estimated with low bias and high precision with one trough using commercially
available Bayesian software. This represents a major advancement in practice because
AUC monitoring may now be clinically practical for clinicians at the “bedside.”
Several important questions remain before Bayesian software tools can be implemented widely into clinical practice. In the previous evaluation of this technique (6)
there was limited representation of obese patients (6, 10–12). Given potential differences in PK proﬁles between obese and nonobese (13) and the increasing prevalence
of obesity in the United States, (14), the limited PK Bayesian AUC monitoring approach
needs to be examined in patients with obesity before widespread adoption. Cognizant
of this critical gap in the literature, this pilot study was conducted to determine
whether the vancomycin AUC can be accurately predicted using Bayesian estimation
techniques with limited PK samples in obese patients.
RESULTS
Baseline characteristics. A total of 12 patients were enrolled in the intensive PK
sampling portion of this study. The results from the sampling were used (i) to create a
population PK model for obese subjects (model 4) and (ii) to estimate 24-h AUC using
four different Bayesian priors and three PK data subsets. Most patients were Caucasian
males who were admitted to general practice units. These patients had a wide age
range (23 to 74 years) and the median (IQR) body mass index (BMI) was 45 kg/m2 (40
to 52 kg/m2). All patients enrolled in the study had a normal estimated renal function
(range, 54 to 135 ml/min). Equal amounts of patients received 1,000- and 1,500-mg
doses. The most frequent dosing regimen was twice daily. There were a total of 71
vancomycin concentrations (60 study samples, 11 clinical samples [troughs]), which
were available across the 12 patients for analysis. Additional details are presented in
Table 1.
Population PK model for obese subjects (model 4). The median pharmacokinetic
estimates and associated measures of variability for model 4 are displayed in Table 2.
Overall, the model ﬁt the data well. Figure 1 displays the posterior-Bayesian observed
versus predicted vancomycin concentrations plots. The best-ﬁt linear regression line
was observed ⫽ predicted ⫻ 1.000 to 0.0003. The R2 of the model was 0.998. The mean
bias was 0.002 mg/liter.
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TABLE 2 Pharmacokinetic parameter estimates
Mean (SD)b
Parametera
Vc
k12
k21
ke
CLINT
CLSLOPE

Model 1 (16)
18.25 (8.88)
2.36 (4.23)
2.72 (7.08)
NA
0.48 (0.30)
0.83 (0.67)

Model 2 (6)
14.80 (7.90)
1.13 (0.78)
0.66 (0.94)
0.30 (0.19)
NA
NA

Model 3 (18)
0.21 (0.042)
1.12 (0.224)
0.48 (0.096)
NA
0.05 (0.010)
0.75 (0.2475)

Model 4 (this study)
25.76 (11.68)
2.29 (2.42)
1.44 (1.73)
NA
0.18 (0.043)
0.60 (0.33)

aV,
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volume of the central compartment (liters for models 1, 2, and 4; liters/kg for model 3); CLINT clearance
due to nonrenal means (liters/h); CLSLOPE, clearance due to creatinine clearance (liters/h); k12, transfer rate
constant from the central compartment to the peripheral compartment (per hour); k21, transfer rate
constant from the peripheral compartment to the central compartment (per hour); ke, elimination constant
from the central compartment (per hour). NA, not applicable.
bSource references are indicated parenthetically in the subheadings for each of the four models.

Vancomycin AUC estimates. The AUC estimates for each model are displayed in
Table 3. Using model 1 as the Bayesian prior, the mean (95% conﬁdence interval [CI])
calculated AUC (AUCFULL) was 437 mg·h/liter (296 to 617 mg·h/liter). When the data set
was depleted to only include peak and trough data, the AUC (AUCPT) estimate tended
to underestimate the AUCFULL, as noted by a AUCPT/AUCFULL ratio that was ⬍1. The
AUCPT/AUCFULL ratio was statistically signiﬁcantly ⬍1. In contrast, the AUCMT/AUCFULL,
ratio was statistically signiﬁcantly ⬎1, indicating that, on average, the AUCMT was 19%
greater than the AUCFULL. The ratio of AUCT to AUCFULL indicated that AUCT tended to
overestimate AUCFULL by approximately 30%. The AUCT/AUCFULL ratio was statistically
signiﬁcantly ⬎1. For model 1, the mean (95% CI) prediction errors were ⫺9.01%
(⫺12.84% to ⫺5.20%), 18.95% (⫹13.07% to ⫹24.84%), and 29.81% (⫹19.28% to
⫹40.35%) for AUCPT, AUCMT, and AUCT, respectively.
The use of model 2 as a Bayesian prior resulted in results similar to those seen with
the use of model 1 as a Bayesian prior. The mean (95% CI) AUCFULL was 478 mg·h/liter
(305 to 683 mg·h/liter). The AUCPT/AUCFULL ratio statistically signiﬁcantly underestimated the AUCFULL by approximately 4%. Similar to model 1, the AUCMT/AUCFULL ratio

FIG 1 Predicted versus observed vancomycin concentrations using the obesity-speciﬁc pharmacokinetic
model (model 4) as the Bayesian prior and the complete data set.
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TABLE 3 AUC estimatesa
AUCPT data
AUCFULL
Model (95% CI)
1
437 (296–617)
2
478 (305–683)
3
469 (314–628)
4
489 (309–604)
aData

AUCPT
(95% CI)
393 (275–576)
456 (300–659)
489 (274–620)
412 (308–613)

AUCMT data
AUCPT/AUCFULL
ratio (95% CI)
0.91 (0.87–0.95)
0.96 (0.93–0.99)
0.99 (0.94–1.04)
0.93 (0.84–1.01)

R2
0.997
0.998
0.997
0.990

AUCMT
(95% CI)
530 (379–725)
541 (403–732)
427 (289–606)
500 (318–640)

AUCT data
AUCMT/AUCFULL
ratio (95% CI)
1.19 (1.13–1.25)
1.15 (1.07–1.24)
0.98 (0.92–1.05)
1.01 (0.91–1.10)

R2
0.996
0.992
0.990
0.983

AUCT
(95% CI)
574 (379–725)
511 (336–682)
401 (275–482)
520 (278–735)

AUCT/AUCFULL
ratio (95% CI)
1.30 (1.19–1.40)
1.04 (0.97–1.13)
0.87 (0.77–0.97)
1.13 (0.81–1.44)

R2
0.986
0.982
0.974
0.851

are means (95% CI). P values are compared to AUCFULL and were determined using the Wilcoxon signed-rank test.
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indicated that AUCMT was an overestimate of AUCFULL by approximately 15%. In the
ratio analysis, the AUCMT was statistically signiﬁcantly greater than the AUCFULL. Use of
the trough only data with model 2 as a Bayesian prior produced results remarkably
similar to those obtained using model 1. AUCT overestimated AUCFULL by approximately 4% in the ratio analysis. The AUCT was not statistically signiﬁcantly different than
the AUCFULL. For model 2, the mean (95% CI) prediction errors were ⫺3.90% (⫺7.24%
to ⫺0.58%), 15.37% (⫹7.10% to ⫹23.63%), and 4.80% (⫺3.08% to ⫹12.67%) for AUCPT,
AUCMT, and AUCT, respectively.
Using model 3 as a Bayesian prior, the mean (95% CI) AUCFULL was 469 mg·h/liter
(314 to 628 mg·h/liter). The mean ratios of AUCPT to AUCFULL and AUCMT to AUCFULL
were not statistically signiﬁcantly different than 1. However, the mean ratio of AUCT to
AUCFULL statistically signiﬁcantly underestimated AUCFULL by approximately 13%. The
mean (95% CI) prediction errors were ⫺0.62% (⫺5.84% to ⫹4.34%), ⫺1.61% (⫺8.05%
to ⫹4.83%), and ⫺12.76% (⫺22.96% to ⫺2.56%) for AUCPT, AUCMT, and AUCT, respectively.
The ﬁnal set of analyses were conducted with the pharmacokinetic model developed in this study (i.e., model 4). Using model 4, the mean AUCPT/AUCFULL, AUCMT/
AUCFULL, AUCT/AUCFULL, and AUCT/AUCFULL ratios were not statistically signiﬁcantly
different than 1. The mean (95% CI) prediction errors were ⫺7.51% (⫺15.65% to
⫹0.63%), ⫹0.54% (⫺8.88% to ⫹9.96%), and 12.45% (⫺18.86 to ⫹43.76%) for AUCPT,
AUCMT, and AUCT, respectively.
DISCUSSION
This evaluation was undertaken to examine the predictive performance of Bayesian
PK AUC estimation software in predicting the vancomycin AUC with limited PK samples
in patients with obesity. To evaluate the utility of this approach, we used four different
population PK model as Bayesian priors. Three models were derived in nonobese
patients, and one was derived in obese patients with various degrees of renal function.
We also considered three different sets of depleted PK data sets when estimating the
AUC with each Bayesian prior. Combined, the goal was to determine the optimal
Bayesian prior that required the smallest number of timed PK samples to accurately
estimate the AUC with low bias and high precision.
In contrast to the study by Neely et al. (6), the trough-only depleted PK data set did
not result in an accurate estimation of the AUCFULL. Across three of four Bayesian priors,
the use of the trough only resulted in biased AUCFULL estimates. The prediction error
ranged from 4.80 to 29.81%, indicating that the AUC estimated derived using this
technique would be overestimates of the 24-h AUC. As such, the clinical implementation of the trough-only AUC estimation technique could lead to erroneous dose
reductions. These erroneous dose reductions could translate to an increased risk of
clinical failure and the development of resistance. The use of model 3 also provided
biased results; however, model 3 resulted in underestimation of the AUCFULL by 12.76%.
In clinical practice, using model 3 with trough-only data could translate to unneeded
dose increases that could increase the risk of toxicity. In addition to the biases observed
with the trough-only AUC estimates, the 95% conﬁdence intervals for the AUC and
prediction errors were highly imprecise. Taken together, these ﬁndings suggest that the
May 2017 Volume 61 Issue 5 e02478-16
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biased and imprecise nature of the trough-only approach to estimate the AUC in
patients with obesity may not be optimal, but further investigation is warranted.
In order to address the bias and lack of precision seen with the trough-only AUC
estimates, we evaluated the AUC estimation technique using a peak in addition to the
trough. We chose a peak (1 h after end of infusion) and trough as sampling points
because this sampling scheme may be familiar to clinicians. For models 1 to 4, the
addition of the peak data resulted in less bias and increased precision compared to the
trough-only AUC estimates derived using the same model. In order to test the robustness of the observations with the second level, we calculated AUC estimates with
midpoints instead of peaks, while holding the trough consistent. Use of the midpointtrough PK data set was slightly better than using trough-only data, but this still
conferred a biased estimate of the AUCFULL. However, model 3 had the most accurate
and precise AUCPT/AUCFULL ratio and 95% CI, and model 3 was the only structural PK
model with a volume in the central compartment that was parameterized to the total
body weight. Although these numeric differences were observed, it should be noted
that this was a pilot study and was not powered to detect differences in AUC estimates
between the different Bayesian priors. In addition, although no deﬁnitive conclusions
can be made in this pilot study, further studies should investigate whether the use of
Bayesian priors that scale volume to different body size descriptors improves the
predictive performance of AUC estimation with limited PK data relative to other
Bayesian priors.
These ﬁndings have important implications for clinical practice. The data from this
study suggest that obtaining a peak and trough level improves the ability to accurately
dose vancomycin in obese patients using Bayesian PK estimation methods. This ﬁnding
is consistent with emerging literature supporting the use of multiple levels for vancomycin AUC estimation in obese patients (15). Adaptation of this practice should not be
problematic at the bedside since the collection of multiple levels for vancomycin
dosing was the standard of care prior to 2009. While trough-only monitoring may be
appropriate for nonobese patients (6–8), the present study demonstrates one potential
shortcoming of trough-only monitoring in obese patients. In addition, we highlight
here the need to assess trough-only monitoring in specialized patient populations,
especially patient groups thought to have large interpatient variability.
As with any study, this evaluation has potential limitations. Our study was not
designed to be a population pharmacokinetic study; as such, we did not perform
d-optimal design for our sampling scheme. Our source population also limits the ability
to extrapolate this AUC estimation technique to patients outside the source population.
Speciﬁcally, we did not have patients weighing more than 250 kg, so we still need data
on the upper extreme of obesity. In addition, since this was a single center pilot study,
it would be prudent to verify these results in a larger multicenter study. As stated
above, this pilot study was not powered to detect differences in AUC estimates
between the different Bayesian priors. Future studies should be powered to discriminate the predictive performance of different Bayesian priors, especially those that
employ structural PK models that scale body size descriptors to PK parameters versus
those that do not.
In summary, we evaluated a Bayesian technique for estimating the 24-h AUC in
obese patients. We used four different Bayesian priors under three different conditions
to select a clinically feasible method of estimating the vancomycin 24-h AUC. Our
results suggest that the use of two samples (i.e., peak and trough) enhances the ability
to assess PK/PD target attainment compared to a one-sample approach (i.e., trough
only). The peak and trough approach outperformed the trough-only approach in each
set of analyses. Although current consensus recommendations suggest the deployment
of trough-only monitoring for all patient populations, we recommend that for patients
with obesity, a peak and trough vancomycin level should be monitored as well.
Additional prospective studies are needed to determine the optimal monitoring
scheme for vancomycin in obese patients.
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TABLE 4 Pharmacokinetic models useda
Model(s)
1 and 4
2
3b

Differential equation
dX(1)/dt ⫽ R(t) ⫺ [(CLINT ⫹ CLSLOPE ⫻ CLCR)/Vc ⫹ k12] ⫻ X(1) ⫹ k21 ⫻ X(2) and dX(2)/dt ⫽ k12 ⫻ X(1) ⫺ k21 ⫻ X(2)
dX(1)/dt ⫽ R(t) ⫺ [ke ⫹ k12] ⫻ X(1) ⫹ k21 ⫻ X(2); dX(2)/dt ⫽ k12 ⫻ X(1) ⫺ k21 ⫻ X(2)
dX(1)/dt ⫽ R(t) ⫺ [CL/(Vc0 · wt)] ⫻ X(1) ⫹ k21 ⫻ X(2); dX(2)/dt ⫽ k12 ⫻ X(1) ⫺ k21 ⫻ X(2)

aX(1)

is the amount of drug in the central compartment, and X(2) is the amount of drug in the peripheral compartment. R(t) is a time-delimited zero-order drug input
rate (piecewise input function) into the central compartment (milligrams per hour). CL is the clearance from the central compartment (liters per hour), Vc represents
the apparent volume of distribution from the central compartment. and k12 and k21 are ﬁrst-order intercompartmental transfer rate constants (per hour). ke is the
ﬁrst-order elimination constant (per hour) from the central compartment. See also Table 2, footnote a, for additional deﬁnitions.
bModel 3 included weight as a linear covariate, such that V ⫽ V 0 · weight, where V 0 was the parameter to be estimated, normalized to weight.
c
c
c

MATERIALS AND METHODS
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Study population. We conducted a prospective, open-labeled, pharmacokinetic evaluation of
vancomycin in hospitalized, adult obese subjects at Albany Medical Center Hospital. The study enrolled
patients who were (i) ⱖ18 years old, (ii) admitted to Albany Medical Center Hospital, (iii) receiving
intravenous vancomycin for treatment of suspected or conﬁrmed Gram-positive infections, and (iv)
weighed ⱖ110 kg. Patients were excluded if they were neutropenic (absolute neutrophil count of ⬍1,000
cells/mm3), ⱖ18 years old but admitted to a pediatric unit, pregnant, had baseline renal impairment
(serum creatinine of ⱖ2.0 mg/dl or creatinine clearance of ⬍50 ml/min), unable to give consent
(comatose, patients unable to understand the consent process, etc.), or prisoners, or if they had a
vancomycin dosing interval of every 6 h (for sampling feasibility). All procedures followed were in
accordance with the ethical standards of the responsible committee on human experimentation (institutional and national) and with the Helsinki Declaration of 1975, as revised in 2000. The study was
approved by the Albany Medical Center Institutional Review Board, and informed consent was obtained
from each patient (protocol 3847).
Pharmacokinetic sampling. Five ⬃5-ml blood samples were collected from each patient. The ﬁrst
four levels were drawn at 1, 2, 4, and 6 h after the end of the infusion, with the remaining level drawn
at the end of the dosing interval. The acceptable window around each sampling time was within 30 min
of the scheduled sampling time. Actual sampling times were recorded and used for all analyses. If a
subject had additional vancomycin levels determined as part of the clinical practice within the dosing
interval, these additional levels were also used to develop model 4 and to calculate the AUCFULL. All
vancomycin levels were analyzed in the inpatient clinical laboratory at Albany Medical Center Hospital.
All data were recorded on a standardized case report form.
Vancomycin assay description. Albany Medical Center utilizes the Beckman-Coulter Unicel DxC
serum vancomycin assay. This assay has a reportable range of 3.5 to 40 mg/liter. The detection limit of
the assay is 3.5 mg/liter. The demonstrated within-run precision coefﬁcient of variance (CV) is 4.0%, and
the total run precision CV is 6.0%. Equivalency determined using Deming regression analysis of the
patient samples in accordance with accepted clinical methods yielded a slope of 1.096, an intercept of
⫺2.63, and a correlation coefﬁcient of 0.983.
Population PK models used as Bayesian priors. Four different vancomycin population PK models
were used as Bayesian priors (Table 4) in the Bayesian AUC estimation analyses. Model 1 was a previously
published open two-compartment vancomycin population PK model derived from 21 adult patients with
suspected or conﬁrmed infections requiring treatment with vancomycin. Model 1 parameterized vancomycin clearance as a function of creatinine clearance with an intercept term (9, 16).
Model 2 was a two-compartment population pharmacokinetics model derived from 47 adults with
various renal function from three different studies. The three studies comprised a diverse set of patients
and included patients from outpatient and inpatient settings receiving vancomycin for prophylaxis
and/or suspected or conﬁrmed Gram-positive infection. Pharmacokinetic data were available from 47
patients across these studies, and a two-compartment population pharmacokinetic model for vancomycin was ﬁt to the data (model 2). No covariate modeling building was performed in model 2.
Model 3 was a previously published open two-compartment vancomycin population PK model
derived from 37 patients with various degrees of renal function who received vancomycin for suspected
or documented Gram-positive infection. Model 3 parameterized volume in the central compartment (Vc)
as a function of weight (i.e., Vc ⫽ V0 ⫻ actual body weight). In model 3, vancomycin clearance was
parameterized as a function of creatinine clearance using the following linear regression formula:
vancomycin clearance ⫽ CLCR ⫻ 0.75 ⫹ 0.05. In this equation, the standard deviations for the slope and
intercept were 0.2475 (33%) and 0.01 (20%), respectively. The use of model 3 was previously used with
Bayesian feedback to reﬁne PK parameter estimates in 95 nonobese and 135 obese adult patients
(17, 18).
Data from the pharmacokinetic evaluation in the present study were used to create a population
pharmacokinetic model (model 4) using Big Nonparametric Adaptive Grid with Adaptive ␥ (BigNPAG) of
Leary et al. (19) The pharmacokinetic model was parameterized as a standard two compartment
model with zero-order infusion and ﬁrst order elimination and transfer constants. In order to assess
the impact of renal function on overall clearance, total vancomycin clearance was made proportional
to the estimated creatinine clearance (CLCR) using the following linear regression formula: CL ⫽
(CLSLOPE ⫻ CLCR) ⫹ CLINT, where CLSLOPE is the clearance slope, and CLINT is the clearance intercept.
The inverse of the estimated assay variance was used as the ﬁrst estimate for weighting in the PK
model. Weighting assumed that the total observation variance was proportional to assay variance, which
aac.asm.org 6
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