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Acute Kidney Injury Incidence With
Bayesian Dosing Software Versus 2-Level
First-Order Area Under the Curve-Based
Dosing of Vancomycin With Piperacillin-
Tazobactam

Ashton Bellamy, PharmD!' and Elizabeth W. Covington, PharmD, BCIDP?

Abstract

Background: Two methods of area under the curve (AUC) dosing are recommended in vancomycin consensus guidelines:
first-order calculations utilizing 2 vancomycin concentrations or a Bayesian approach. It is unknown if there is a difference
in acute kidney injury (AKI) between the 2 dosing strategies for patients receiving concomitant piperacillin-tazobactam and
vancomycin (VPT). Objective: The objective of this study was to compare incidence of AKl in patients being administered
VPT with first-order calculations versus model-informed precision dosing (MIPD)/Bayesian dosing. Methods: This was a
single-center, retrospective, observational study at a community hospital. Patients who received VPT therapy for at least
48 hours were included. The primary outcome was overall incidence of AKI. Secondary outcomes included percentage
target attainment with initial regimen, average serum creatinine increase, time to AKI, usable vancomycin levels, and need
for temporary dialysis or intensive care unit admission. Results: There were 100 patients included (50 in the first-order
group and 50 in the MIPD/Bayesian group). The overall incidence of AKI was lower in the MIPD/Bayesian group (12% vs
28%, P = 0.046). There was no difference in average serum creatinine increase, time to AKI, need for temporary dialysis,
or intensive care unit admission. Patients in the MIPD/Bayesian group had a higher percentage of target attainment (46% vs
18%, P = 0.003) and usable vancomycin levels (98% vs 60%, P < 0.001). Conclusion and Relevance: In patients receiving
VPT, model-informed precision dosing with Bayesian modeling resulted in a lower rate of AKI, higher target attainment,
and more usable vancomycin levels compared with first-order AUC dosing. The small sample and retrospective nature of
this study reinforces the need for additional data.
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include acute interstitial nephritis (AIN), acute tubular
necrosis (ATN), pseudo-nephrotoxicity, and intratubular
crystal obstruction.'?

Historically, vancomycin has been dosed using a trough-
based method, with a goal trough of 10 to 15 mg/L or 15 to
20 mg/L depending on infection type.® The 2020 consensus
guidelines for the therapeutic drug monitoring of vancomy-
cin for serious methicillin-resistant Staphylococcus aureus
(MRSA) infections recommend dosing and monitoring

Introduction

The combination of vancomycin and piperacillin-tazobac-
tam (VPT) provides broad spectrum antimicrobial coverage
and is commonly used as an empiric regimen for hospital-
ized adults with serious infections. Vancomycin alone is
known to cause nephrotoxicity, and the combination of van-
comycin with piperacillin-tazobactam has been associated
with an even higher rate of acute kidney injury (AKI).'? A
meta-analysis reported rates of VPT AKI ranging from 5%
to 65%, with an overall rate of 22.2%, which is a notably
higher incidence than piperacillin-tazobactam alone or
other antibiotic combinations.? In addition to the increased
risk of overall AKI, the combination has also been shown to
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result in kidney injury faster in comparison with other com-
bination regimens.* The mechanism of AKI in patients on
VPT therapy is not well understood; proposed mechanisms
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vancomycin using area under the 24-hour time concentration
curve (AUC) over minimum inhibitory concentration (MIC)
with a monitoring target of 400 to 600.” These guidelines rec-
ommend one of two strategies for estimating AUC: 2-level
first-order pharmacokinetic equations or Bayesian dosing
software.” Model-informed precision dosing (MIPD)
involves the use of pharmacokinetic models to individualize
drug dosing. Bayesian dosing software utilizes MIPD in
addition to measured drug concentrations to further improve
pharmacokinetic predictions.®

The transition from trough monitoring to AUC/MIC
monitoring has occurred due to previous literature demon-
strating lower rates of nephrotoxicity without compromis-
ing efficacy.” However, to the author’s knowledge, there are
no studies evaluating the incidence of VPT AKI with MIPD/
Bayesian versus 2-level first-order AUC calculations. The
purpose of this study is to retrospectively evaluate if MIPD/
Bayesian vancomycin dosing and monitoring resulted in
less overall incidence of VPT AKI compared with first-
order AUC monitoring.

Methods

Population

This was a single-center, observational, retrospective cohort
study conducted at a 344-bed community hospital in Alabama
and deemed exempt by institutional review board. Charts of
patients ages 19 and older who received concomitant VPT
for at least 48 hours between November 2019 to March 2020
(2-level AUC group) and May 2021 to October 2021 (MIPD/
Bayesian group) were reviewed. Exclusion criteria included
creatinine clearance (CrCl) <25 mL/min at the initiation of
VPT, malignancy, pregnancy, prisoner, cystic fibrosis (CF),
lack of pharmacy dosing consultation, or duplicate patients.

Within this community hospital, clinical pharmacists are
consulted to dose vancomycin and have pharmacy and ther-
apeutics approval to renally adjust most antibiotics, includ-
ing piperacillin-tazobactam. Piperacillin-tazobactam was
dosed at 3.375 g every 8 hours with an extended infusion of
4 hours in both study arms. Vancomycin loading doses were
utilized across both study arms for critically ill patients with
suspected or documented serious MRSA infections, as per
guideline recommendations.” The hospital utilized a 2-level
first-order AUC-dosing strategy for vancomycin starting in
2019. Initial dosing during this time was determined via
first-order pharmacokinetic equations with population esti-
mates for the volume of distribution and eliminate rate con-
stant. AUCs were calculated using a peak and trough
obtained at steady state, with first-order equations utilized
within an Excel spreadsheet. Peak concentrations were
ordered 1 to 2 hours after the end of the vancomycin infu-
sion, and trough concentrations were ordered 1 hour before
the next dose.

In 2021, the hospital converted to MIPD/Bayesian dos-
ing for vancomycin utilizing DoseMeRx (Tabula Rasa
Health Care, Moorestown, NJ, USA). Models utilized
within DoseMeRx included a 1-compartment model devel-
oped on the general adult population (Buelga et al),’ a
2-compartment model developed on the general adult popu-
lation (Goti et al),'’ or a 1-compartment model developed
on the obese adult population (Sabourenkov et al).!
Bayesian dosing software was utilized for initial dosing as
well as subsequent dosing strategies in this arm of the study.
Patients dosed via MIPD/Bayesian typically had a single
vancomycin level, and the pharmacy protocol stated that
levels could be drawn prior to steady state. The single drawn
sample could be ordered at any point within the dosing
intervals, except for during the vancomycin infusion or 1 to
2 hours after the infusion. After inputting the vancomycin
level in the dosing software, the clinical pharmacist then
documented the predicted AUC at steady state from
DoseMeRx.

Data Collection

The hospital’s electronic health record was reviewed, along
with the Bayesian dosing software. The primary investiga-
tors reviewed all data for accuracy and to ensure no missing
data were present. Data were extracted manually by the pri-
mary investigator. Patients were randomly screened and
incorporated into the study based on inclusion and exclu-
sion criteria.

Outcomes

The primary endpoint was the overall incidence of AKI.
AKI was assessed by 3 different definitions: the Infectious
Disease Society of America (IDSA), RIFLE (risk, injury,
failure, loss of kidney function, and end-stage renal dis-
ease), and Kidney Disease Improving Global Outcomes
(KDIGO). IDSA AKl is defined as an increase in serum cre-
atinine (SCr) of 0.5 mg/dL or an increase of at least 50%
from baseline in at least 2 consecutive measurements dur-
ing treatment to 72 hours after therapy completion.” RIFLE
staging of AKI was defined as a 2-fold increase in SCr or
glomerular filtration rate decrease by 50%; urine output
(UOP) <0.5 mL/kg/h X 12 hours.'> The KDIGO criteria
was defined as an increase in SCr by =0.3 mg/dL (=26.5
mmol/L) within 48 hours; or increase in SCr to =1.5 times
baseline.'

Secondary endpoints included target attainment (defined
as an AUC:MIC between 400 and 600; assuming an MIC of
1 mg/L’), timing of AKI occurrence (if applicable), magni-
tude of SCr increase (if applicable), need for temporary
dialysis, and intensive care unit (ICU) admission at any
point during the hospital stay. To evaluate the patient’s ther-
apy, usable levels, defined as any level that was not drawn
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during the vancomycin infusion or within 1 hour following
the end of the infusion (distribution period) were recorded.
The usable levels were then evaluated to see if target attain-
ment was achieved with the initial regimen.

Variables

Each patient’s baseline SCr, estimated glomerular filtration
rate, and CrCl were also documented. The Cockcroft-Gault
equation was used to estimate CrCl in mL/min. Actual body
weight was used to estimate CrCl if actual body weight was
less than ideal body weight; adjusted body weight was used
if a patient was overweight (greater than 120% of ideal body
weight per institution protocol); and ideal body weight was
used if normal weight (100%—120% of ideal body weight).
Concomitant nephrotoxins were documented, including
diuretics, angiotensin-converting enzyme (ACE) inhibitors,
angiotensin receptor blockers (ARBs), vasopressors, amino-
glycosides, amphotericin B, and nonsteroidal antiinflamma-
tory drugs (NSAIDs). Each included patient’s Charlson
comorbidity index variables were collected.'* Each patient’s
quick sepsis-related organ failure assessment (QSOFA) score
was also documented. Collection also included whether the
patient received a loading dose (=20 mg/kg), the mainte-
nance dose, dose interval, total daily dose of vancomycin,
and total length of therapy for vancomycin (days).
Piperacillin-tazobactam data included the dose, dosing inter-
val, and length of therapy (days). The length of combined
VPT therapy in days was also assessed. Data were also col-
lected regarding the indication for using these antibiotics,
such as infection of unknown source, respiratory infection,
central nervous system infection, skin and soft tissue infec-
tions (SSTI), osteomyelitis, bacteremia, or other.

Data Analysis

The primary outcome analyses of the overall incidence of AKI
were evaluated using chi-square. Additional categorical vari-
ables were assessed using chi-square or Fisher’s exact test, as
appropriate. Time to AKI and other continuous variables were
evaluated using Student’s 7 test. The P values were 2-sided and
statistical significance was defined as P < 0.05. A convenience
sample of 100 patients (50 patients in each group) was selected
due to time constraints and limited access to institutional data.
Statistical analyses were completed using IBM SPSS Statistics
for Windows, Version 28.0 (Armonk, NY) (190).

Results

A total of 286 patients were screened for inclusion in this
study. A total of 100 patients were included in this study,
with 50 patients in the two-level first-order AUC group, and
50 in the MIPD/Bayesian modeling group (Figure 1). The
average age of patients in the two-level AUC group was

57.8 years and 58.4 years in the MIPD/Bayesian group. The
majority of patients included were male (62%), and there
was no difference in total body weight between the 2 groups
(83.1 vs 88.4 kg, P = 0.343). Baseline SCr was 0.9 mg/dL
for the 2-level first-order AUC group and 1.0 mg/dL for the
MIPD/Bayesian group. In the MIPD/Bayesian group, most
patients had a single level drawn pre-steady state. The full
baseline characteristics are given in Table 1.

The primary outcome, the overall incidence of AKI,
occurred in 14 patients (28%) in the 2-level first-order AUC
group and in 6 patients (12%) of patients in the MIPD/
Bayesian group (P = 0.046). A further breakdown of AKI
by varying AKI definitions can be found in Table 2. After
adjustment for confounders (age, body mass index, race,
gender, number of concomitant nephrotoxins) via logistic
regression, the odds of AKI were reduced with MIPD/
Bayesian compared with 2-level first-order AUC dosing
(adjusted odds ratio [aOR] = 0.269, 95% confidence inter-
val [CI] = 0.090-0.801). Target attainment occurred in 9
patients (18%) of patients in the 2-level AUC group, while
23 patients (46%) in the MIPD/Bayesian group were pre-
dicted to achieve target attainment at steady state (P =
0.007). Among patients who developed AKI in the 2-level
AUC group (n = 14), 9 patients either had therapeutic or
subtherapeutic AUCs; 0 patients had supratherapeutic
AUCs; and 5 patients had unknown AUCs due to lack of
usable vancomycin levels. Among those who developed
KDIGO AKI in the MIPD/Bayesian group (n = 6), 4
patients either had therapeutic or subtherapeutic AUCs and
2 patients had supratherapeutic AUCs. Additional second-
ary outcomes can be found in Table 2.

Discussion

Within this study, the incidence of AKI was reduced in
patients who received vancomycin dosed by MIPD/Bayesian
modeling compared with 2-level AUC dosing. There is a
growing amount of literature to suggest that AUC-dosing of
vancomycin may carry less risk for AKI. A recently pub-
lished meta-analysis looked at trough-based versus AUC
(either 2-level or Bayesian dosing software) and compared
incidence of AKI for patients receiving vancomycin with or
without other medications.!® This meta-analysis found that
when utilizing Bayesian software to dose vancomycin, there
was a statistically significant reduction of AKI versus
trough-guided dosing (OR = 0.182,95% CI = 0.059-0.563).
However, it did not specifically evaluate VPT therapy or
compare the utilization of Bayesian software with the 2-level
first-order method of calculating AUC. Another recent retro-
spective study found a reduction in AKI with Bayesian-
dosed vancomycin compared with trough-guided dosing
(aOR = 0.72, 95% CI = 0.58-0.89), though similar rates of
AKI were seen when comparing Bayesian dosing with an
AUC nomogram dosing strategy.'®
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Patients receiving
concomitant vancomycin
and piperacillin/tazobactam

(n=286)

Two-level first order AUC®
group (n=154)

Model-informed precision
dosing/Bayesian modeling
(MIPD/Bayesian) group

(n=132)

Excluded patients:
VPT? <48 hours (n=55)
CrClIP <25 mL/min (n=32)
Duplicate patient (n=12)
Vulnerable patient (n=3)
No pharmacy consult (n=2)

Excluded patients:
VPT? <48 hours (n=39)
CrCI° <25 mL/min (n=36)
Duplicate patient (n=3)
Vulnerable patient (n=2)
No pharmacy consult (n=2)

Two-level first order AUC®
group (n=50)

MIPD/Bayesian group
(n=50)

Figure I. Inclusion pathway.

Abbreviations: AUC, area under the curve; CrCl, creatinine clearance; MIPD, model-informed precision dosing; VPT, vancomycin and piperacillin/

tazobactam.

There are a few reasons why MIPD/Bayesian dosing
may have resulted in a reduced incidence of AKI for patients
on VPT within our study. The Bayesian dosing software
provides several different models, including one for obese
patients which was utilized for some of the included patients

in this study. There were similar percentages of patients
with supratherapeutic AUCs in both groups. However,
patients in the Bayesian group study mostly had pre-steady
state levels drawn, allowing dosing adjustments to be made
sooner than in the AUC group, which required steady-state
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Table |. Baseline Characteristics.
2-level first-order AUC MIPD/Bayesian modeling group
group (n = 50) (n = 50) P value
Age, avg. (SD) 57.8(15.8) 584 (18.4) 0.862
Female gender, no. (%) 20 (40) 18 (36) 0.68
Race, no. (%) 0.365
White 17 (34) 23 (46)
Black 31 (62) 27 (54)
Other 2 (4) 0
Height (inches), avg. (SD) 68.0 (4.5) 68.3 (3.9) 0.722
Total body weight (kg), avg. (SD) 83.1 (27.9) 88.4 (27.7) 0.343
Ideal body weight (kg), avg. (SD) 66.5 (11.9) 67.2 (10.4) 0.728
BMI (kg/m?), avg. (SD) 27.7 (9.0) 29.4 (9.4) 0.365
Baseline serum creatinine (mg/dL), avg. (SD) 0.9 (0.5) 1.0 (0.4) 0317
Baseline eGFR (mL/min/[.73m2), avg. (SD) 80.8 (27.7) 82.2 (25.8) 0.794
Baseline CrCl (mL/min), avg. (SD) 70.8 (28.4) 73.0 (32.3) 0.716
Charlson Comorbidity Index, median (IQR) 3 (1.25-5) 3 (1.25-5) 0.933
Hospital length of stay, avg. (SD) 23.7 (28.7) 23.1 (30.1) 0.927
ICU admission pre-AKI, no. (%) 6(12) 2 (4) 0.269
Receipt of potential nephrotoxins, no. (%)
ACEi or ARB 10 (20) I (22) 0.806
Vasopressor 12 (40) 18 (36) 0.19
Diuretic 21 (42) 15 (30) 0.211
Intravenous contrast 5(10) 2 (4) 0.436
Aminoglycoside 1(2) 1 (2) |
Amphotericin B 1(2) 0 0315
NSAID 4(8) 8 (l6) 0.357
Indication for antibiotics, no. (%)
Respiratory 23 (46) 6(12) <0.001
Central nervous system 1(2) 0 0.315
Skin and soft tissue 13 (26) 16 (32) 0.509
Bone and joint 3 (6) 3 (6) |
Bacteremia 12 (24) 11 (22) 0.812
Unknown 2(4) 14 (28) 0.002
Microorganism cultured, no. (%)
Methicillin-resistant Staphylococcus aureus 7 (14) 7 (14) |
Coagulase-negative Staphylococcus sp. 10 (20) 13 (26) 0.503
Methicillin-sensitive Staphylococcus aureus 3 (6) 1(2) 0.31
Enterococcus sp. 3 (6) 4(8) 0.152
Streptococcus pyogenes 1(2) 0 0317
Streptococcus viridans 4 (8) 2 (4) 0.402
Other Streptococcus sp. 3 (6) 0 0.08
Gram negative 8 (16) 6(12) 0.566
Antibiotic Characteristics
Vancomycin loading dose received, no. (%) 45 (90) 37 (74) 0.066
Total daily dose of vancomycin, avg. (SD) 2112 (997) 2268 (843) 0.401
Vancomycin/piperacillin/tazobactam length of therapy, avg. (SD) 5.8 (3.8) 4.7 (2.4) 0.098
Volume of distribution (L/kg), avg. (SD) 1.23 (0.9) 1.04 (0.27) 0.188
Bayesian dosing characteristics
Pre-steady state levels obtained, no. (%) — 47 (94) —
Two levels within same dosing interval, no. (%) — 4 (8)
Bayesian model utilized, no. (%)
One-compartment model by Buelga et al — 29 (58) —
One-compartment model by Saborenkov et al — 17 (34) —
Two-compartment model by Goti et al — 4 (8) —

Abbreviations: ACEi or ARB, angiotensin-converting enzyme inhibitor or angiotensin receptor blocker; AKI, acute kidney injury; AUC, area under the curve; BMI, body mass
index; CrCl, creatinine clearance; eGFR, estimated glomerular filtration rate; ICU, intensive care unit; IQR, interquartile range; MIPD, model-informed precision dosing;

NSAID, nonsteroidal antiinflammatory drug.
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Table 2. Secondary Outcomes.

2-Level AUC Bayesian group
Secondary Outcomes group (n = 50) (n = 50) P value
IDSA AKI incidence, no. (%) 8 (16) 3 (6) 0.2
KDIGO AKIl incidence, no. (%) 14 (28) 6(12) 0.046
RIFLE AKI incidence, no. (%) 9 (18) 1 (2) 0.016
Time to KDIGO AKI, avg. (SD) 49 (34 3.2(1.5) 0.26
(n=14) (n=6)
Increase in serum creatinine (mg/dL), avg. (SD) 0.9 (1.0) 0.5 (0.1) 0.349
(n=14) (n=6)
Need for temporary dialysis, no. (%) 0 0 |
ICU admission, no. (%) 19 (38) 12 (24) 0.13
ICU admission post-AKIl, no. (%) 0 1 (2) 0.315
Usable vancomycin levels obtained, no. (%) 30 (60) 49 (98) <0.001
Therapy classifications
Target attainment (AUC 400-600), no. (%) 9 (18) 23 (46) 0.003
Subtherapeutic (AUC <400), no. (%) 17 (34) 19 (38) 0.677
Supratherapeutic (AUC >600), no. (%) 4 (8) 7 (14) 0.525

Abbreviations: AKI, acute kidney injury; AUC, area under the curve; ICU,
kidney disease improving global outcomes; RIFLE, risk, injury, failure, loss

levels. Finally, model-informed precision dosing was uti-
lized to determine initial dosing strategies in the Bayesian
group, versus first-order pharmacokinetic equations using
population assumptions in the 2-level AUC group. The dif-
ference in initial dosing strategy could also have contrib-
uted to our findings.

Our study also demonstrated an increased amount of
usable vancomycin levels with Bayesian modeling, likely
due to the ability to obtain a single drug concentration. One
of the challenges posed by 2-level vancomycin monitoring
includes the timing and usability of levels obtained during
the dosing interval. An analysis of available Bayesian dos-
ing software programs included an evaluation of using
troughs as the 1 level gathered during a dosing interval ver-
sus 1 level at any time.!” The authors reported that during
the beta-climination phase, using a trough versus other lev-
els produced similar estimates of AUC.!7 Another study had
similar findings when comparing 2-level monitoring versus
1-level Bayesian software-guided dosing. The authors
found that vancomycin concentrations in the 1-level group
were usable in 88.2% of patients compared with 48.3% of
the 2-level monitoring group (P = 0.001).!® Both of these
results are important because it suggests the utility that
1-level Bayesian dosing does not rely on a specifically
timed draw to best predict AUC and monitoring of patients.

Achieving the target AUC of 400 to 600 is important for
vancomycin therapy to ensure adequate drug concentrations
while mitigating the risk of toxicity. Our study found
increased target attainment when utilizing MIPD/Bayesian
modeling as compared with 2-level AUC calculations. A
previous study compared 2-level linear AUC methods with
single-level Bayesian modeling and observed target

intensive care unit; IDSA, infectious diseases society of America; KDIGO,
of kidney function, end-stage kidney disease.

attainment rates of 50.3% (492/978) and 56.4% (552/978),
respectively.!” However, this study was performed in a sin-
gle patient population in which 2 levels were obtained for
all patients at steady state, and a level was subsequently hid-
den from Bayesian analysis for study purposes. As such, the
study contrasts with our study, in which not all patients had
usable vancomycin levels.

One of the strengths of this study is that it included a
diverse patient population in terms of weight, source of
infection, and so on. The 2 groups were generally well-
matched in terms of baseline characteristics, Charlson
comorbidity index, and ICU admission. Similar total daily
doses of vancomycin were seen in each group, suggesting
that the reduction in AKI seen with MIPD/Bayesian dosing
was not simply due to a reduction in vancomycin exposure.
Another strength of this study is that patients were not
excluded if they were receiving other nephrotoxins. For
both the 2-level AUC and MIPD/Bayesian groups, diuretics
were the most frequently occurring potential nephrotoxin
followed by diuretics, and then a vasopressor. This is reflec-
tive of the real-world use of these medications. Finally, we
excluded patients with underlying renal dysfunction at
baseline. This increases the internal validity of our findings,
as any underlying kidney disease constitutes a known risk
factor for the development of AKI. However, it should be
noted that the results should not be applied to patients with
underlying renal dysfunction.

This study does have several limitations. The first limita-
tion is the retrospective nature of this study. The results would
need to be applied with caution because the results are lim-
ited to the available information from the electronic health
record at that time and the accuracy of documentation. For
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the 2-level AUC group, usable vancomycin levels were not
available for every patient. As a result, the actual target attain-
ment data for the 2-level AUC group is unclear. Furthermore,
most vancomycin levels were obtained pre-steady state in the
MIPD/Bayesian group; therefore, the AUC documented from
Bayesian software represents the predicted AUC at steady-
state and not the actual steady-state AUC. In the MIPD/
Bayesian arm, the model utilized to select a regimen was the
same model utilized to test the appropriateness of the regi-
men following drug levels, leading to potential self-affirming
bias. The sample size was small, which means that the results
may not translate into the larger population. The KDIGO
AKI rate of 28% in the 2-level AUC group was higher than
the overall VPT AKI occurrence rate of 22.2% in a previous
meta-analysis.® A power analysis was not calculated a priori.
In the 2-level AUC group, more patients were being treated
for respiratory infections than in the MIPD/Bayesian group.
In the MIPD/Bayesian arm, most patients had a single level
drawn pre-steady state. Future studies should assess 1 versus
2 level Bayesian modeling, and the impact of pre-steady state
versus steady state levels.

Conclusion and Relevance

In conclusion, this study demonstrated reduced incidence of
AKI in patients receiving concomitant vancomycin and
piperacillin-tazobactam when vancomycin was dosed with
model-informed precision dosing with Bayesian modeling
as compared with 2-level AUC dosing. For this patient pop-
ulation, MIPD/Bayesian dosing also resulted in greater tar-
get attainment defined as AUC 400-600, compared with the
2-level AUC group, as well as increased usable levels.
Larger studies and data will be needed to confirm the ben-
efit of MIPD/Bayesian dosing of vancomycin when used
concomitantly with piperacillin-tazobactam.
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