Infect Chemother. 2020 Dec;52(4):573-582
https://doi.org/10.3947/ic.2020.52.4.573
pISSN 2093-2340-eISSN 2092-6448

1C

Chemotherapy

Original Article

‘ '.) Check for updates ‘

Received: Aug 4, 2020
Accepted: Oct 18, 2020

Corresponding Author:

Wichai Santimaleeworagun, PhD, BCIDP
Department of Pharmacy, Faculty of
Pharmacy, Silpakorn University, Nakhon
Phathom 73000, Thailand.

Tel: +6634 255 800

Fax: +6634 255 801

E-mail: swichai1234@gmail.com

Copyright © 2020 by The Korean Society

of Infectious Diseases, Korean Society for
Antimicrobial Therapy, and The Korean Society
for AIDS

This is an Open Access article distributed
under the terms of the Creative Commons
Attribution Non-Commercial License (https://
creativecommons.org/licenses/by-nc/4.0/)
which permits unrestricted non-commercial
use, distribution, and reproduction in any
medium, provided the original work is properly
cited.

ORCID iDs

Manat Pongchaidecha
https://orcid.org/0000-0003-3865-3181
Dhitiwat Changpradub
https://orcid.org/0000-0001-7939-6834
Kanjana Bannalung
https://orcid.org/0000-0001-5352-6477
Kajeewan Seejuntra
https://orcid.org/0000-0002-7687-2222
Sutthanuch Thongmee
https://orcid.org/0000-0002-5857-9751
Aminta Unnual
https://orcid.org/0000-0003-4472-5559
Wichai Santimaleeworagun
https://orcid.org/0000-0001-9974-957X

https://icjournal.org

Vancomycin Area under the Curve and
Pharmacokinetic Parameters during the
First 24 Hours of Treatment in Critically
Il Patients using Bayesian Forecasting

Manat Pongchaidecha @', Dhitiwat Changpradub
Kajeewan Seejuntra (2, Sutthanuch Thongmee
Wichai Santimaleeworagun ®*

2, Kanjana Bannalung ®’,
4, Aminta Unnual @', and

'Department of Pharmacy, Faculty of Pharmacy, Silpakorn University, Nakhon Pathom, Thailand

“Division of Infectious Diseases, Department of Medicine, Phramongkutklao Hospital, Bangkok, Thailand
3Department of Pharmacy, Ramathibodi Chakri Naruebodindra Hospital, Samutprakarn, Thailand
“Department of Pharmacy, Chiraprawat Hospital, Nakornsawan, Thailand

°*Antibiotic Optimization and Patient Care Project by Pharmaceutical Initiative for Resistant Bacteria and
Infectious Diseases Working Group, Faculty of Pharmacy, Silpakorn University, Nakhon Pathom, Thailand

ABSTRACT

Background: Currently, the achievement of the target area under the curve (AUC)/

minimum inhibitory concentration ratio during the first 24 - 48 h of treatment is associated
with reduced 30-day mortality and greater microbiological eradication in patients with
methicillin-resistant Staphylococcus aureus bacteremia. This study aimed to determine the AUC
and pharmacokinetic parameters on the first day of vancomycin administration based on the
Bayesian theorem to optimize the dosing regimen in critically ill patients.

Materials and Methods: This retrospective study included participants meeting the following
criteria: 1) >18 years old; 2) receipt of at least one dose of vancomycin; 3) measurement of 2
vancomycin serum concentrations during the first 24 h of treatment; and 4) an intensive care unit
admission, mechanical ventilator use, or an Acute Physiology and Chronic Health Evaluation I
score >15 points. The AUC on day 1 of treatment and the estimated vancomycin pharmacokinetic
parameters were measured using PrecisePK software based on the Bayesian theorem.

Results: We obtained 132 vancomycin concentrations from 66 patients. The vancomycin
pharmacokinetic parameters were as follows: AUC .4, 571.09 (+ standard deviation [SD] 188.62)
mg/L-h; clearance (CL), 2.97 (+ SD 1.81) L/h; volume of distribution (Vd), 50.60 (+ SD 13.91) L
elimination rate constant, 0.062 (+ SD 0.039) h; and half-life, 18.19 (+ SD 15.96) h. Focusing
on the vancomycin loading dose, AUC.,, 400 - 600 was achieved in 41.7, 46.1, 44.4, and 26.3%
of patients with loading doses of <20, 20 —24.9, 25— 30, and >30 mg/kg, respectively. Whereas
AUC, 4 2521 was achieved in 50, 50, 77.8, and 84.2% of patients with loading doses of <20, 20 —
24.9, 25 -30, and >30 mg/kg, respectively. The CL of vancomycin was correlated with creatinine
CL, whereas the Vd of vancomycin was significantly correlated with age and body weight.
Conclusion: This study revealed that the higher Vd and CL values on the first day of
vancomycin therapy were found in critically ill patients. Additionally, a higher vancomycin
loading dose (25 — 30 mg/kg) might be required to achieve target of AUC, ., during early phase
of administration for critically ill patients.
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INTRODUCTION

Staphylococcus aureus, a Gram-positive coccus, is a major cause of various organ/system infections
such as skin and soft tissue, bloodstream, bone and joint, respiratory tract, central nervous
system, and endocardial infections [1]. At present, antibiotic resistance is increasing in S. aureus,
especially methicillin-resistant S. aureus (MRSA) [2]. Meanwhile, glycopeptides, oxazolidinones,
lipopeptides, and glycolipopeptides are the current therapeutic options for MRSA [3].

Vancomycin, a glycopeptide antibiotic, has been the first-line antibiotic against MRSA
infections for several decades. However, serum vancomycin levels must be monitored in
clinical practice to maximize its efficacy against MRSA infection and reduce its toxicity in
patients [2]. An area under the curve (AUC)/minimum inhibitory concentration ratio (AUIC)
0f 400 — 600 is desirable for vancomycin [4]. Recently, clinical practice guidelines indicated
that the vancomycin AUC should be used to design vancomycin dosing regimens using the
Bayesian theorem.

Bayesian-guided dosing is based on Bayes' theorem. Population pharmacokinetic variables,
e.g., drug clearance (CL) or the volume of distribution (Vd) of prior values (Bayesian prior),
were recalculated using patients' pharmacokinetic parameter values and individual drug
concentration data (conditional posterior) [5]. With vancomycin dose optimization using
the Bayesian approach, vancomycin levels can be sampled in the early treatment period
(first 24 — 48 h) to rapidly provide an appropriate vancomycin dosage. Conversely, to achieve
vancomycin trough concentrations of 15 — 20 pg/mL, samples are collected at steady state,
which may be too late to achieve favorable outcomes [4]. Lodise et al. examined the effect of
early AUIC target achievement during the first 24 — 48 h of treatment on clinical outcomes in
patients with MRSA bacteremia. They found that patients with AUIC 2521 during the first 24
h had a lower 30-day mortality rate and greater microbiological eradication. Moreover, from
Poisson regression analyses, a decrease risk of failure of Classification and Regression Tree-
derived (CART) AUIC exposures was correlated with a decreased risk in failure [6].

Unfortunately, vancomycin pharmacokinetics remarkably differs between critically ill
patients and other patient groups. Critically ill patients usually exhibit an increased volume
of distribution and augmented renal clearance during the early period of sepsis. These
conditions result in decreased vancomycin serum levels. Previous studies indicated that
subtherapeutic vancomycin serum concentrations were achieved during the first 3 days of
treatment, especially the first day [7, 8].

However, little research has investigated the vancomycin AUC during the first 24 h of
treatment. Therefore, this study aimed to measure AUC and other pharmacokinetic
parameters on the first day of vancomycin administration based on the Bayesian theorem to
optimizing vancomycin dosing regimens for empirical therapy against MRSA infection in
critically ill patients.

MATERIALS AND METHODS

This retrospective study included critically ill patients who were treated with vancomycin at
Phramongkutklao Hospital, a 1,200-bed university hospital located in Bangkok, Thailand,
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between 2016 and 2018. The inclusion criteria were as follows: 1) >18 years old; 2) receipt of at least
one dose of vancomycin; 3) two measurements of the vancomycin serum concentration during

Early vancomycin AUC and pharmacokinetics

the first 24 h of treatment; and 4) intensive care unit admission, mechanical ventilator use, or an
Acute Physiology and Chronic Health Evaluation (APACHE) II score exceeding 15 points.

The exclusion criteria were as follows: 1) receipt of hemodialysis, peritoneal dialysis, or
continuous renal replacement therapy; and 2) unidentified sampling times for vancomycin or
incomplete data for the vancomycin dosing regimen (dose, interval, and infusion time). The
present study was approved by the ethics review committee of the Royal Thai Army Medical
Department (approval no. Q039h/61_Exp).

Patient demographic data including age, gender, weight, height, ward, mechanical ventilator
use, APACHE II scores, creatinine clearance (estimated using the Cockcroft—Gault formula),
and comorbidity were gathered. Information on the vancomycin dosing regimen comprising
the dose (mg), frequency per day (dosing interval), infusion time (minutes), and receipt of a
loading dose (yes or no) was collected. The serum vancomycin levels (ug/mL) were collected
for the studied participants during the first 24 h of treatment at known sampling times.

The total serum vancomycin concentrations were determined using a fluorescence
immunoassay (VANC3, Cobas, Roche Diagnostics, IN, USA). The limit of detection (LOD) of
this assay was 4 — 80 pg/mL. The coefficient of variation for this assay was <10%.

The AUC on day 1 (AUCy.4) of treatment and the estimated vancomycin pharmacokinetic
parameters (CL, Vd, and half-life) were measured using PrecisePK software (Healthware
Inc., San Diego, CA, USA) based on the Bayesian theorem. The one-compartment model
and population parameters (Bayesian prior values) embedded in PrecisePK were used to
estimate the Bayesian conditional posterior of patient pharmacokinetic parameters adjusted
by individual vancomycin serum concentration (s).

Descriptive statistics for demographic data and pharmacokinetic parameters were used.
The percentage of patients achieving the optimal AUC,.,, 0f 400 — 600 and of >521 was also
determined. We compared the measured serum vancomycin concentrations with those
predicted by Bayesian software program. We calculated mean error (ME) and root mean
square error (RMSE) as following formula

ME =

i (Predicted value — Observed value)
/ N

=1

\/(Predicted value — Observed value)?

VN

RMSE =

n
i=

1
Whereas Predicted value = Calculated vancomycin concentrations from Bayesian software

Observed value = Measured serum vancomycin concentrations
N = Number of samples
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ME and RMSE were used to assess accuracy (bias) and precision of Bayesian software
program, respectively.

Early vancomycin AUC and pharmacokinetics

The correlation between pharmacokinetic parameters (CL, Vd) and patient characteristics
was analyzed using Pearson's correlation coefficient (r). We used linear regression to predict
pharmacokinetic parameters according to patient characteristics.

RESULTS

Over a 24-month period, we obtained 132 vancomycin concentrations from 66 patients (two
measurements per patient) who received intravenous vancomycin and met the selection

criteria. The mean (+ standard deviation [SD]) patient age was 70.3 (+ 17.6) years. The general
characteristics, pharmacokinetic values, and vancomycin concentrations are presented in Table 1.

The estimated vancomycin pharmacokinetic parameters using Bayesian analysis were as
follows: AUCy 24, 571.09 (+ SD 188.62) mg/L-h; CL, 2.97 (+ SD 1.81) L/h; Vd, 50.60 (+ SD 13.91)
L; elimination rate constant, 0.062 (+ SD 0.039) h'’; and half-life, 18.19 (= SD 15.96) h.

The accuracy (ME) of the first plasma sampling (C;) of vancomycin (measured during3-5h
after end of infusion) and the second plasma sampling (C,) of vancomycin (measured 0.5-1h
before the next dose) was 0.034 ng/mL and 0.137 pg/mL, respectively. Whereas, the precision
(RMSE) of the C; and C, was 0.194 pg/mL and 0.176 pg/mL, respectively. The relationship
between measured vancomycin concentrations and predicted vancomycin concentrations
from Bayesian software of C, and C, are presented in Figure 1 and 2, respectively.

Table 1. The demographic data and vancomycin pharmacokinetic parameters for 66 clinically ill patients

Variables Result
Age (yr), mean + SD 70.3 £17.6
Male, number (%) 38 (57.6)
Height (cm), mean = SD 161.7 + 8.6
Body weight (kg), mean + SD 60.8 £13.5
Body mass index (kg/m?), mean = SD 23.2+ 4.6
Creatinine clearance (mL/min), mean + SD 51.07 + 41.69
Indication of vancomycin treatment, number (%)
Empirical therapy 56 (84.8)
Documented therapy 10 (15.2)
Intensive care unit admission, number (%) 43 (65.2)
Vancomycin dosing regimen
Patients receiving loading dose (225 mg/kg), number (%) 35(53.0)
The first dose per body weight (mg/kg), mean + SD 95.4 6.7
Dose in the 1st day per body weight, mean + SD 39.6 £11.9
Vancomycin pharmacokinetic parameters
Ke (h"), mean + SD 0.062 + 0.039
Half-life (h), mean + SD 18.19 +15.96
vd (L), mean = SD 50.60 +13.91
vd (L/kg), mean + SD 0.85 + 0.22
Clearance vancomycin (L/h) = SD 2.97 +1.81
AUC,.0,-hour/MIC (mg/L-h), mean = SD during the first 24 hours 571.09 (+188.62)

SD, standard deviation; Ke, elimination rate constant; Vd, volume of distribution; AUC, area under the curve; MIC,
minimum inhibitory concentration.
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Figure 1. Diagnostic goodness of fit of the first plasma sampling (C1) (measured during 3 - 5 h after end of
infusion) between the actually measured vancomycin serum levels and predicted vancomycin serum levels based
on Bayesian analysis.
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Figure 2. Diagnostic goodness of fit of the second plasma sampling (C2) (measured 0.5 - 1 h before the next
dose) between the actually measured vancomycin serum levels and predicted vancomycin serum levels based on
Bayesian analysis.

Focusing on AUC ., values, AUC,,, 400 - 600 on the first day of vancomycin treatment was
observed in 26 of 66 patients (39.4%). Focusing on the vancomycin loading dose, AUC, 4 400
- 600 was achieved in 41.7, 46.1, 44.4, and 26.3% of patients with loading doses of <20, 20 -
24.9, 25 - 30, and >30 mg/kg, respectively (Fig. 3).

AUC, 4 2521 on the first day of vancomycin treatment was observed in 42 of 66 patients
(63.6%). Focusing on the vancomycin loading dose, AUC,,, 2521 was achieved in 50%, 50%,
77.8%, and 84.2% of patients who received loading doses of <20, 20 - 24.9, 25 - 30, and >30
mg/kg, respectively (Fig. 4).
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Figure 3. The percentage of patients with AUC,.,, of <400, 400 - 600, and >600 on the first day of vancomycin
treatment at each loading dose.
AUC, area under the curve.

Vancomycin loading dose (mg/kg)
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Figure 4. The percentage of patients with AUC, ., 2521 on the first day of vancomycin treatment at each loading dose.
AUC, area under the curve.

The calculated vancomycin CL based on Bayesian analysis displayed a correlation with
creatinine clearance (r = 0.75, P <0.001). The predictive equation for vancomycin CL in
relation to creatinine clearance was as follows: vancomycin CL (L/h) = 0.549 x creatinine
clearance (L/h) +1.283 (r=0.75, R? = 0.562).

Meanwhile, the calculated Vd of vancomycin was significantly correlated with age (r = 0.469) and
body weight (r = 0.208). The equation for Vd of vancomycin was as follows: Vd of vancomycin (L)
=0.65 x body weight (kg) + 0.341 x age (years) (r = 0.613, R?=0.376).

DISCUSSION

Previously, calculation of AUC in clinical practice was unrealistic due to needed multiple
vancomycin serum concentrations. The previous guideline suggested trough concentration
for vancomycin dosing adjustment [9]. Unfortunately, the recent studies revealed that trough
level might not accurately predict for AUC value. Therefore, the Bayesian approach is raised
for AUC calculation. The AUC based on Bayesian approach can be determined using one or
two vancomycin plasma sample during the first 24 to 48 hours rather than at steady-state.
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This early AUC calculation provides the benefit for critically ill patients rapidly achieving
vancomycin target for a better clinical outcome. The AUC based on Bayesian theorem has
been currently recommended for vancomycin monitoring in clinical practice [10].

Recently, the American Society of Health-System Pharmacists (ASHP), Infectious Diseases
Society of America (IDSA), Paediatric Infectious Diseases Society (PIDS), and Society of Infectious
Diseases (SID) recommended that vancomycin AUC was a preferable variable for designing
vancomycin dosing regimens using Bayesian software programs [10]. Moreover, this guideline
has diminished the role of vancomycin minimum inhibitory concentration (MIC) determination
due to 1) the vancomycin MICy, by broth microdilution method (BMD) in most settings is 1 mg/L
or less, 2) the report of high degree of MIC variation and 3) MIC result for clinical judgment

is usually not available during the first 72 hours of bacterial culture. Therefore, AUC values
(assuming a MICyyp, 0f 1 mg/L) should be within 400 - 600 mg-h/L to optimized efficacy and
minimize the risk of nephrotoxicity [10].

Despite the availability of several pharmacokinetic software packages, we used PrecisePK to
estimate pharmacokinetic parameters and AUC in this study. However, Turner et al. studied
the performance of Bayesian dose-optimizing software for predicting the vancomycin AUC
in comparison with the reference AUC in 19 critically ill patients. PrecisePK gave the most
accurate and least biased estimates among five Bayesian theorem software programs [11].

It is supported that vancomycin levels calculated Bayesian software gave a minor bias and
precision in predicting the serum vancomycin concentrations among our participants.

Our report calculated the vancomycin AUC during first 24 h of treatment in critically ill

adult patients based on Bayesian estimation from two samples per patient. This strategy

is more accurate than measurements using only one sample. Neely et al. derived the AUC
from trough-only and peak-trough concentrations with the full data set of vancomycin
pharmacokinetics as the gold standard. They found that the peak-trough dataset
underestimated the true AUCs compared with the full model by approximately 14%, whereas
the trough-only data underestimated AUCs by approximately 23% [12].

The recent recommendation from the American Society of Health-System Pharmacists, the
Infectious Diseases Society of America, the Pediatric Infectious Diseases Society, and the
Society of Infectious Diseases Pharmacists indicated that a loading dose of 20 - 35 mg/kg
could achieve the AUC target in the first days of therapy. However, from our findings, only
half of patients who received a loading dose of 20 - 24.9 mg/kg met the target of AUC,,, 2521
and 10 out of 26 patients received a loading dose of 20 - 24.9 mg/kg met the target of AUCy.,
<400. Conversely, vancomycin loading dose of 25 - 30 was appropriate in critically ill patients
because of the high rate of achievement of AUC,,, 521 and AUC .4 400 - 600. Our result was
similar to that of previous research indicating that a vancomycin loading dose of 30 mg/kg
followed by a maintenance dose of 20 mg/kg every 12 h had a probably of target attainment
for the target AUC.,, of >90% [13]. Thus, we suggest that a higher dose than the recent
recommendation might be appropriate for achieving better clinical outcomes. However,

the suggested vancomycin dosing in this study based on pharmacokinetic (PK) parameters
on day 1, it is reasonable use for early phase of critically ill condition. Thus, during recovery
phase of sepsis, it has to use vancomycin monitoring levels guided-dosing regimen.

Vancomycin pharmacokinetic parameters were determined by using the one compartment
model incorporated into PrecisePK software. It revealed that the Vd value in the studied
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participants during the initial phase (Vd of 50.6 L) was similar to the value (Vd of 53.4 L)
reported by Heffernan et al [14]. However, Roberts et al. reported lower value of Vd (37.4 L)
in critically ill patients [15]. The patients in Heffernan et al. were conducted within 72 h of
admission whereas Roberts et al. performed blood samples for vancomycin measurement
taken every day [14, 15]. Thus, the Vd on the first day of vancomycin therapy and the
subsequent phase to steady state might be different in the critically ill patients.

The vancomycin CL observed in this study (CL = 2.97 L/h) was lower than the result obtained
from other studies. The values of vancomycin CL reported from the studies by Roberts et

al. and Heffernan et al. were 4.58 L/h and 7.23 L/h, respectively [14, 15]. The lower value

of vancomycin CL obtained from this study might result from the studied subjects having
lesser renal function (mean value of creatinine CL 51.07 mL/min) as compared to patients in
the studies of Roberts et al. (mean value of creatinine CL 90.7 mL/min) and Heffernan et al
(median value of creatinine CL 107.0 mL/min) [14, 15].

It is fact that only unbound vancomycin is pharmacologically active and the critically ill
patients usually have hypoalbuminemia, the free vancomycin concentration in plasma is
concerned. Among critically ill patients, between the target of fAUC/MIC 2200 for unbound
vancomycin concentration and AUC/MIC 2400 for total vancomycin levels, the target
attainment rate was simply achieved when using pharmacokinetic/pharmacodynamic
target based on unbound concentrations, when compared with total concentrations [16].
Thus, the impact of protein binding and role of unbound vancomycin concentrations for
achievement of PK/pharmacodynamic (PD) indices has to be determined in critically ill
population. Moreover, the two- or three-compartment model best described vancomycin
concentration-time profile but the PrecisePK is based on one compartment model. Thus,
the pharmacokinetic parameters in this study were used carefully.

In the present study, vancomycin CL had linear relationships with creatinine CL, whereas
and the Vd was correlated with actual body weight. These correlations were also observed in
several previous studies [17-19]. Surprisingly, patient age was also correlated with the Vd of
vancomycin. This finding was similar to a study by Purwonugroho et al., who reported that
the Vd was linearly related with age. We supposed that age directly influenced the volume of
distribution and that age could be a surrogate of illness severity or comorbidity [17].

However, our study did not evaluate treatment efficacy against MSRA infections and
nephrotoxicity according to the estimated vancomycin AUC during the first day [20]. The
clinical benefit of the vancomycin AUC based on Bayesian estimation for MRSA treatment in
the first day must be further studied.

This study revealed that higher vancomycin loading doses than recommended by recent
practice guidelines (starting dose of 20 mg/kg) might be required to achieve AUC,, 400 -
600 and AUC,.,, > 521 on the first day of administration for critically ill patients. Moreover,
the CL and Vd of vancomycin could be predicted using variables such as creatinine CL, body
weight, and age. These factors must be incorporated to optimize the vancomycin dosing
regimen for critically ill patients.
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