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ARTICLE INFO ABSTRACT
Arfile—’ history: Background: Current guidelines for the therapeutic monitoring of vancomycin recommend dosing based
Received 4 July 2022 on the area under the concentration-time curve (AUC) to achieve clinical efficacy while reducing nephro-

Accepted 24 October 2022 toxicity. Although a wide range of nephrotoxicity thresholds have been reported, few studies have docu-

mented clinical outcomes based on AUC-guided vancomycin dosing in Korea.

Key words: Objective: The aim of the study was to evaluate whether a relationship exists between AUC and treat-
area under the concentration-time curve ment outcomes in vancomycin treated patients in methicillin-resistant Staphylococcus aureus bacteremia.
bacteraemia Furthermore, this study tries to estimate AUC threshold for treatment failure and nephrotoxicity.

methicillin-resistant Staphylococcus aureus Methods: The records of adult patients with methicillin-resistant Staphylococcus aureus bacteremia treated

nephrotoxicity

; with vancomycin for >72 hours without dialysis between April 2013 and April 2021, were reviewed ret-
vancomycin

rospectively. Treatment success was defined as defervescence and blood culture sterilization by day 7.
Nephrotoxicity was defined as an increase in serum creatinine levels >0.3 mg/dL or a 50% increase from
baseline on 2 consecutive days. Bayesian estimation was used to predict individual vancomycin AUC. Both
classification and regression tree and receiver operating characteristic curve analyses were performed to
estimate the optimal AUC thresholds for vancomycin efficacy and nephrotoxicity.
Results: Of 118 patients, 61 (51.7%) experienced treatment failure and 42 (35.6%) developed acute kidney
injury. The vancomycin AUC threshold for predicting acute kidney injury was 615.0 mg- hr/L. In the mul-
tivariate analysis, AUC >615.0 mg- hr/L was a significant risk factor for nephrotoxicity (adjusted odds ratio
[aOR] =5.24; 95% CI, 1.8-14.65). The lower threshold for treatment failure was not defined because it was
not statistically significant. Risk factors for treatment failure included low body mass index (aOR=0.82;
95% CI, 0.70-0.96), severity of acute illness represented by complicated infection (aOR=77.56; 95% CI,
16.7-359.4) and comorbidities, such as solid organ tumors (aOR=6.61; 95% CI, 1.19-36.81) and cere-
brovascular disease (aOR=6.05; 95% CI, 1.17-31.23).
Conclusions: Although AUC-guided vancomycin dosing was associated with a reduced risk of acute kid-
ney injury, its ability to predict clinical outcomes was modest. Further studies are needed to define the
AUC therapeutic range to maximize efficacy and minimize nephrotoxicity. (Curr Ther Res Clin Exp. 2023;
83:XXX-XXX)
© 2022 The Authors. Published by Elsevier Inc.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

Introduction
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Patients with MRSA bacteremia
aged over 18 years between 2013-2021
(n=1013)

|

Patients receiving vancomycin >72hours with
blood culture follow up at 3-5 day intervals
(n=867)
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Excluded if

1) Dialysis (n=388)

ii) Polymicrobial infection (n=282)

1i1) TDM not checked within 7 days (n=69)

1v) Use of antibiotics against MRSA prior to initiation of vancomycin

Total (n=118)

(@=10)

l

Analyzed for treatment outcome
(0=118)

}

Analyzed for nephrotoxicity
(n=118)

Figure 1. Flow chart outline of the study design. MRSA = methicillin-resistant Staphylococcus aureus; TDM = therapeutic drug monitoring.

tates therapeutic drug monitoring (TDM) to ensure clinical efficacy
and avoid nephrotoxicity.!? The first consensus review of TDM for
vancomycin was published in 2009, and that recommended main-
taining serum trough concentrations between 15 and 20 mg/L as
a surrogate marker to achieve an area under the curve (AUC) to
MIC ratio >400, assuming an MIC <1 mg/L for serious MRSA in-
fections.?-3

However, recent data by Neely et al* suggested that nearly
50% to 60% of patients achieve an AUC >400 mg- hr/L at trough
concentrations <15 mg/L, suggesting that trough concentration
is a poor surrogate for AUC. Chavada et al° also showed that
26.7% of patient have an AUC >400 mg- hr/L while demonstrating
trough levels below 15 mg/L. Furthermore, whether an increase
in trough concentration is associated with improvements in clin-
ical outcomes remains controversial.®7 Thus, the newly released
2020 Infectious Disease Society of America guidelines recommend
monitoring AUC/MIC for optimal and accurate vancomycin dosing,
utilizing Bayesian software programs to estimate the AUC.® A few
studies have adopted this method to analyze vancomycin AUC
and clinical outcomes, but their conclusions have been inconsis-
tent.57:9-13 Jung et al'' demonstrated that a low AUC/MIC (<430
by Etest; <398.5 by broth microdilution [BMD]) was a significant
risk factor for treatment failure in MRSA bacteremia, and Lodise
et al'? also described that achievement of AUC/MIC target was as-
sociated with 2-fold decrease in treatment failure. A meta-analysis
by Tsutsuura et al” used an AUC/MIC cutoff of 400 (400 +15%) to
show that high AUC/MIC values had lower treatment failure rates
(odds ratio [OR]=0.28; 95% CI, 0.18-0.45). In contrast, a recent
prospective observational study by Lodise et al'® and meta-analysis
by Tongsai et al® found no clear relationship between vancomycin
AUC and treatment efficacy. Regarding nephrotoxicity, a number of
published reports have agreed that the risk of acute kidney injury
(AKI) increases as vancomycin AUC increases, especially when the
daily AUC exceeds 700 mg- hr/L4'415 A different AUC threshold
above 650 mg- hr/L was provided from a meta-analysis by Aljefri
et al.'® Although consensus guidelines suggest that vancomycin
AUCs should be between 400 and 600 to ensure clinical efficacy
and safety, the AUC threshold associated with treatment success
and nephrotoxicity has yet to be clearly defined.”-'!:'3.15 Therefore,
the aim of this study was to evaluate the relationship between
AUC and treatment outcomes and to further estimate AUC thresh-
old for treatment failure and nephrotoxicity in patients with
MRSA bacteremia receiving vancomycin treatment. Additionally,
we analyzed potential risk factors affecting clinical outcomes and
nephrotoxicity.

Participants and Methods
Study design and setting

This was a retrospective single-center cohort study performed
at Ajou University Hospital, a 1187-bed tertiary hospital in Kyunggi
province. Patients older than age 18 years admitted between April
1, 2013, and April 1, 2021, presenting with their first episode of
MRSA bacteremia were screened. The inclusion criteria for this
study were as follows: patients who received intravenous van-
comycin for at least 3 days and patients who underwent follow-
up blood cultures at 3- to 5-day intervals. The exclusion crite-
ria were as follows: patients on dialysis, those who had not been
checked for TDM within 7 days of starting vancomycin, patients
with polymicrobial infection, and patients treated with antibiotics
against MRSA before initiation of vancomycin (Figure 1). This study
was conducted in accordance with the Declaration of Helsinki, and
was approved by the Institutional Review Board of Ajou University
School of Medicine (No. AJOUIRB-DB-2022-367).

Data collection and definitions

Demographic characteristics, comorbidities, and primary infec-
tion sites were reviewed from the electronic medical records. Vital
signs and laboratory findings were assessed to quantify the sever-
ity of illness using the Pitts bacteremia score, which was calcu-
lated using the worst parameters within 48 hours before or on
the day of the first positive blood culture. Charlson’s weighted
index of comorbidities (WIC) was determined after inspecting
the patients’ medical records. The use of potential nephrotoxic
drugs, including contrast dye, piperacillin/tazobactam, aminogly-
cosides, amphotericin B, colistin, furosemide, thiazides, vasopres-
sors, angiotensin-converting enzyme inhibitors, angiotensin II re-
ceptor blockers, nonsteroidal anti-inflammatory drugs, tacrolimus,
cyclosporine, and cisplatin, was identified from medication admin-
istration records.

Treatment success was defined as resolution of bacteremia and
fever within 7 days of vancomycin therapy. The treatment failure
group was composed of patients who did not meet these criteria,
died within 30 days, or had a positive follow-up culture more than
14 days after a negative follow-up culture. All-cause mortality was
defined as death that occurred during hospitalization.

Vancomycin-induced nephrotoxicity was defined as an increase
in serum creatinine levels >0.3 mg/dL or a 50% increase from
baseline on 2 consecutive days without an alternative explanation,
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Clinical characteristics of patients with methicillin-resistant Staphylococcus aureus bacteremia according to vancomycin treatment outcomes.

Characteristic Total patients (N=118) Vancomycin treatment outcome P value
Success (n=57) Failure (n=61)
Age >65 y* 61 (51.7) 26 (45.6) 35 (57.4) 0.201
Male sex 73 (61.9) 35 (60.3) 38 (63.3) 0.921
Body mass index' 23.66 (4.09) 24.20 (4.29) 23.16 (3.8) 0.167
Charlson’s weighted index of comorbidity® 2.61 (2.32) 2.04 (1.71) 3.15 (2.68) 0.008
Underlying conditions
Diabetes 41 (34.7) 21 (36.8) 20 (32.8) 0.644
Cardiovascular disease 31 (26.3) 12 (21.1) 19 (31.1) 0.213
Chronic liver disease 12 (10.2) 6 (10.5) 6(9.8) 0.901
Chronic lung disease 11 (9.3) 4 (7.0) 7 (11.5) 0.405
Cerebrovascular disease 25 (21.2) 9 (15.8) 16 (26.2) 0.165
Chronic kidney disease stage 3 to 5 7 (5.2) 3(5.3) 4 (6.6) 1.000
Rheumatic disease 10 (8.5) 4 (7.0) 6 (9.8) 0.744
Solid organ tumor 24 (20.3) 6 (10.5) 18 (29.5) 0.010
Hematologic malignancy 6 (5.1) 4 (7.0) 2 (3.3) 0.428
Immunosuppressive agents 14 (11.9) 5(8.8) 9 (14.8) 0.315
Source of infection* 0.486
Catheter-related bloodstream infection 33 (28.0) 21 (36.8) 12 (19.7) 0.038
Bone and joint infection 28 (23.7) 12 (21.1) 16 (26.2) 0.509
Skin and soft tissue infection 21 (17.2) 10 (17.5) 11 (18.0) 0.945
Infective endocarditis 5(4.2) 1(1.8) 4 (6.6) 0.366
Central nervous system infection 1(0.8) 0 (0.0) 1(1.6) 1.000
Pneumonia 10 (8.5) 5(8.8) 5(8.2) 1.000
Primary sepsis 10 (8.5) 4 (7.0) 6 (9.8) 0.744
Other 10 (8.5) 4 (7.0) 6(9.8) 0.744
Septic shock 63 (53.4) 25 (43.9) 38 (62.3) 0.045
Pitt bacteremia score' 2.31 (2.26) 1.72 (1.81) 2.87 (2.51) 0.005
Complicated infection* 64 (54.2) 11 (19.3) 53 (86.9) < 0.001
Area under the concentration-time curve,’” mg- hr/L 581.50 (220.78) 557.57 (188.50) 603.86 (246.65) 0.253
Trough concentration,” mg/L 15.49 (7.51) 15.20 (6.52) 15.76 (8.37) 0.682
Area under the concentration-time curve cut-off <373.5 mg- hr/L* 15 (12.7) 5(8.8) 10(16.4) 0.273
Bacteremia duration,’ d 5.61 (6.14) 1.84 (2.04) 9.13 (6.60) < 0.001
Mean time of blood culture follow-up,’ d 3.21 (1.99) 3.02 (1.25) 3.41(1.13) 0.076
Development of acute kidney injury* 42 (35.6) 15 (26.3) 27 (44.3) 0.042

* Values are presented as n (%).
T Values are presented as mean (SD).

according to the Acute Kidney Injury Network and the Kidney
Disease: Improving Global Outcomes criteria.'” The duration of
bacteremia was determined as the time period from the day of
the first positive blood culture to the last positive follow-up blood
culture. Patients with metastatic infection, implanted prostheses,
and endocarditis were classified as having complicated bacteremia.

Estimation of AUC/MIC

Steady-state vancomycin trough concentrations were used to
estimate the AUC/MIC ratio. According to our institutional dosing
guidelines, we monitor the vancomycin concentration before the
fourth or fifth dose in all patients, assuming this point as a steady-
state condition. Using a priori pharmacokinetic parameters of pre-
vious population pharmacokinetic model, posteriori Bayesian esti-
mation was used to predict steady-state vancomycin AUC, utiliz-
ing dose individualization software (Capcil software, Simkin Inc,
Gainesville, Florida). Based on a large surveillance program that
identified 95% of MRSA isolates as having MICs <1 mg/dL,'® only
the AUC was used.

Statistical methods

Statistical comparisons were made using the y?2 test, Fisher ex-
act test, or Student t test, as appropriate. Classification and re-
gression tree (CART) and receiver operating characteristic (ROC)
curve analyses were performed to estimate the AUC thresholds for
vancomycin efficacy and nephrotoxicity. Logistic regression analy-
sis was used to predict the risk factors for treatment failure and
AKI. All statistical analyses were performed using IBM SPSS statis-
tics version 25 (IBM-SPSS Inc, Armonk, New York) and MedCalc

Statistical Software version 19.2.6 (MedCalc Software Ltd, Ostend,
Belgium). Statistical significance was set at P < 0.05.

Results
Demographic and clinical characteristics

A total of 118 patients who met the inclusion criteria were in-
cluded in the study. The baseline demographic and clinical char-
acteristics of the cohort are shown in Tables 1 and 2 according to
clinical outcome and vancomycin-induced nephrotoxicity, respec-
tively. Of the 118 patients, 61 (51.7%) experienced treatment fail-
ure, and 42 (35.6%) developed nephrotoxicity. The number of male
patients was 73 (61.9%), and the mean (SD) age was 63.50 (16.29)
years. More than half of the patients (51.7%) were older than age
65 years. Diabetes was the most common comorbidity (34.7%), fol-
lowed by cardiovascular disease (26.3%), cerebrovascular disease
(21.2%), and solid organ tumors (20.3%).

Catheter-related infection was the most common source of
MRSA bacteremia (28.0%), and 5 patients (4.2%) were diagnosed
with infective endocarditis. Other sources of infection included
deep neck infection (2 cases), prostatitis with urinary tract infec-
tion (5 cases), and intra-abdominal infection (3 cases).

Correlation between vancomycin trough concentration and AUC

A positive correlation was identified between the trough con-
centration and AUC24 (Figure 2). The Pearson correlation coeffi-
cient was 0.849 (P < 0.001). However, 48 patients (40.7%) with
trough levels below the currently recommended target of 15 mg/L
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Table 2
Clinical characteristics of patients with methicillin-resistant Staphylococcus aureus bacteremia according to vancomycin-induced nephrotoxicity.
Characteristic Total patients (N=118) >Nephrotoxicity P value
No (n=76) Yes (n=42)
Age >65 y* 61 (51.7) 34 (44.7) 27 (64.3) 0.042
Male sex 73 (61.9) 47 (61.8) 26 (61.9) 0.995
Body mass index' 23.66 (4.09) 23.83 (4.09) 23.37 (4.13) 0.559
Charlson’s weighted index of comorbidity® 2.61 (2.32) 2.26 (2.05) 3.24 (2.66) 0.028
Underlying conditions
Diabetes 41 (34.7) 25 (32.9) 16 (38.1) 0.570
Cardiovascular disease 31 (26.3) 16 (21.1) 15 (35.7) 0.083
Chronic liver disease 12 (10.2) 5 (6.6) 7 (16.7) 0.080
Chronic lung disease 11 (9.3) 8 (10.5) 3(7.1) 0.744
Cerebrovascular disease 25 (21.2) 14 (18.4) 11 (26.2) 0.323
Chronic kidney disease 3 to 5 7 (5.2) 1(1.3) 6 (14.3) 0.008
Rheumatic disease 10 (8.5) 6 (7.9) 4 (9.5) 0.742
Solid organ tumor 24 (20.3) 12 (15.8) 12 (28.6) 0.099
Hematologic malignancy 6 (5.1) 5 (6.6) 1(2.4) 0.420
Any use of immunosuppressive agents 14 (11.9) 8 (10.5) 6 (14.3) 0.563
Source of infection*
Catheter-related bloodstream infection 33 (28.0) 24 (31.6) 9 (21.4) 0.240
Bone and joint infection 28 (23.7) 25 (32.9) 3(7.1) 0.002
Skin and soft tissue infection 21 (17.2) 12 (15.8) 9 (21.4) 0.443
Infective endocarditis 5(4.2) 0 (0.0) 5(11.9) 0.005
Central nervous system infection 1(0.8) 0 (0.0) 1(24) 0.356
Pneumonia 10 (8.5) 5 (6.6) 5(11.9) 0.325
Primary sepsis 10 (8.5) 5 (6.6) 5(11.9) 0.325
Other focus 10 (8.5) 5 (6.6) 5(11.9) 0.325
Septic shock 63 (53.4) 37 (48.7) 26 (61.9) 0.168
Pitt bacteremia score' 2.31 (2.26) 1.91 (1.77) 3.05 (2.84) 0.021
Complicated infection* 64 (54.2) 35(46.1) 29 (69.0) 0.016
Area under the concentration-time curve,’” mg- hr/L 581.50 (220.78) 561.82 (160.85) 698.52 (264.56) < 0.001
Trough concentration,” mg/L 15.49 (7.51) 13.56 (5.75) 18.99 (8.99) 0.001
Bacteremia duration,’ d 5.61 (6.14) 4,97 (6.01) 6.76 (6.29) 0.137
Mean time of blood culture follow-up,’ d 3.21 (1.99) 3.13 (1.19) 3.38 (1.21) 0.281
Concomitant use of nephrotoxic agent* 98 (83.1) 57 (75.0) 41 (97.6) 0.002

* Values are presented as n (%).
T Values are presented as mean (SD).

achieved an AUC >400 mg- hr/L (see Supplemental Table 1 in the
online version at doi:10.1016/j.curtheres.2022.100687). Only 14 pa-
tients (11.9%) achieved the target AUC of 400 to 600 mg- hr/L while
within the target trough level of 15 to 20 mg|/L.

Clinical outcomes

A comparison of treatment success and failure is presented in
Table 1. Overall, treatment failure was observed in 61 of the 118
patients (51.7%). The proportion of elderly patients (older than age
65 years) was higher in the treatment failure group, but the dif-
ference was not significant (45.6% vs 57.4%; P=0.201). Patients
with treatment failure had a higher men (SD) Charlson’s WIC (2.04
[1.71] vs 3.15 [2.68]; P=0.008), higher mean (SD) Pitt bacteremia
scores (1.72 [1.81] vs 2.87 [2.51]; P=0.005), and a longer mean
(SD) duration of bacteremia (1.84 [2.04] vs 9.13 [6.60]; P < 0.001).
Complicated infection (19.3% vs 86.9%; P < 0.001) and the develop-
ment of acute kidney injury (26.3% vs 44.3%; P=0.030) were more
frequent in the treatment failure group than in the treatment suc-
cess group.

Table 3 shows the risk factors associated with treatment fail-
ure identified using univariate and multivariate analyses. Comorbid
solid organ tumors (adjusted OR [aOR]=6.61; 95% CI, 1.19-36.81),
cerebrovascular disease (aOR=6.05; 95% CI, 1.17-31.23), compli-
cated infection (aOR=77.56; 95% CI, 16.74-359.37), and low body
mass index (aOR=0.94; 95% CI, 0.86-1.03) were independent risk
factors for failure of vancomycin treatment. Of note, the severity of
underlying disease and illness, represented by complicated infec-
tion and Pitt bacteremia score, had a greater effect on clinical out-
comes than vancomycin exposure. Similarly, independent predic-
tors of all-cause mortality included comorbid solid organ tumors

(aOR=17.29; 95% CI, 3.02-98.98), rheumatic disease (aOR=12.35;
95% CI, 1.70-89.83), diabetes (aOR = 6.61; 95% CI, 1.53-28.49), high
Pitt bacteremia score (aOR=1.51; 95% CI, 1.09-2.09), complicated
infection (aOR=5.03; 95% CI, 1.61-21.85), and low body mass in-
dex (aOR=0.84; 95% CI, 0.70-0.99). In addition, those who devel-
oped AKI during vancomycin treatment had a higher rate of all-
cause mortality (aOR=6.74; 95% CI, 1.82-24.99), although this was
not found to be an independent predictor of treatment failure.

AKI

A comparison between patients with and without nephrotox-
icity is presented in Table 2. Elderly patients (aged 65 years
and older) were more prevalent in the group with nephrotoxicity
(64.3% vs 44.7% in the group without nephrotoxicity; P=0.042),
whereas sex distribution and body mass index were not statis-
tically different between the 2 groups. Patients who experienced
nephrotoxicity had higher Charlson’s WIC and Pitts bacteremia
scores and were more likely to have received nephrotoxic agents
and have underlying chronic kidney disease and complicated in-
fection. All 5 patients with endocarditis as the primary infection
experienced nephrotoxicity (11.9% vs 0.0% in the group without
nephrotoxicity; P=0.005).

Predictors of vancomycin-induced nephrotoxicity are shown
in Table 4. Age older than 65 years (aOR=3.59; 95% CI, 1.17-
10.97), concomitant use of nephrotoxins (aOR=12.88; 95% CI,
1.25-133.15), underlying chronic liver disease (aOR=7.52; 95% CI,
1.37-41.37), chronic kidney disease stage 3 or greater (aOR=29.27;
95% CI, 1.68-510.28), and a high Pitts bacteremia score (aOR =1.57;
95% Cl, 1.18-2.10) were putative predictors of nephrotoxicity. Fur-
thermore, an AUC threshold >615.0 mg- hr/L according to ROC
curve analysis was associated with an increased risk of nephrotox-
icity (aOR=5.24; 95% CI, 1.88-14.65).
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Figure 2. Scatter plot of vancomycin trough concentration and area under the concentration-time curve (AUC) (Pearson’s correlation coefficient, r=0.849; P < 0.001).

Table 3

Risk factors for vancomycin treatment failure and 100-day mortality in patients with methicillin-resistant Staphylococcus aureus bacteremia determined by multivariate logistic

regression analyses.

Characteristic Vancomycin treatment failure odds ratio 100-d mortality outcome odds ratio
Univariate analysis Multivariate analysis Univariate analysis Multivariate analysis
0dds ratio (95% CI) P value Adjusted odds P value 0dds ratio (95% CI) P value Adjusted odds ratio P value
ratio (95% CI) (95% CI)
Age >65y 1.61 (0.78-3.32) 0.202 2.06 (0.83-5.10) 0.118
Female sex 0.96 (0.46-2.03) 0.921 1.02 (0.42-2.49) 0.969
Body mass index 0.94 (0.86-1.03) 0.168 0.82 0.012 0.89 (0.80-1.00) 0.053 0.84 (0.70-0.99) 0.04
(0.70-0.96)
Underlying conditions
Diabetes 0.84 (0.39-1.79) 0.644 2.29 (0.94-5.55) 0.068 6.61 (1.53-28.49) 0.011
Cardiovascular 1.70 (0.74-3.91) 0.215 1.68 (0.66-4.31) 0.277
disease
Chronic liver disease 0.93 (0.28-3.06) 0.901 1.91 (0.53-6.93) 0.325
Chronic lung disease 1.70 (0.48-6.21) 0.41 0.77 (0.16-3.80) 0.747
Cerebrovascular 1.90 (0.76-4.72) 0.169 6.05 0.032 1.15 (0.41-3.27) 0.789
disease (1.17-31.23)
Chronic kidney 1.26 (0.27-5.91) 0.767 2.87 (0.60-13.73) 0.187
disease stage 3 to 5
Rheumatic disease 1.45 (0.39-5.41) 0.584 4.14 (1.10-15.63) 0.036 12.35 (1.70-89.83) 0.013
Solid organ tumor 3.56 (1.30-9.76) 0.014 6.61 0.031 5.71 (2.14-15.24) < 0.001 17.29 (3.02-98.98) 0.001
(1.19-36.81)
Hematologic 0.45 (0.08-2.55) 0.367 0.70 (0.08-6.24) 0.746
malignancy
Immunosuppressive 1.80 (0.57-5.74) 0.32 4.47 (1.40-14.27) 0.011
agents
Septic shock 2.12(1.01-4.42) 0.046 3.80 (1.40-10.33) 0.009
Pitt bacteremia score 1.25 (1.04-1.50) 0.018 1.32 0.072 1.44 (1.16-1.79) 0.001 1.51 (1.09-2.09) 0.012
(0.98-1.78)
Complicated infection 27.71 < 0.001 77.56 < 0.001 4.79 (1.66-13.78) 0.004 5.03 (1.16-21.85) 0.031
(10.27-74.76) (16.74-359.37)
Development of acute 2.22 (1.02-4.83) 0.044 8.14 (3.04-21.84) < 0.001 6.74 (1.82-24.99) 0.004
kidney injury
Area under the 2.04 (0.65-6.38) 0.221 0.87 (0.23-3.35) 0.839

concentration-time
curve cut-off <373.5
mg- hr/L
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Risk factors for vancomycin-induced nephrotoxicity in patients with methicillin-resistant Staphylococcus aureus bacteremia determined by multivariate logistic regression

analyses.

Characteristic

Nephrotoxicity odds ratio

Univariate analysis

Multivariate analysis

0Odds ratio (95% CI) P value Adjusted odds ratio (95% CI) P value
Age >65y 2.22 (1.02-4.83) 0.044 3.59 (1.17-10.97) 0.025
Male sex 0.99 (0.46-2.17) 0.995
Body mass index 0.97 (0.87-1.07) 0.556
Charlson’s weighted index of comorbidity 1.20 (1.02-1.41) 0.032
Underlying conditions
Diabetes 1.26 (0.57-2.75) 0.57
Cardiovascular disease 2.08 (0.90-4.82) 0.086
Chronic liver disease 2.84 (0.84-9.59) 0.093 7.52 (1.37-41.37) 0.020
Chronic lung disease 0.65 (0.16-2.61) 0.547
Cerebrovascular disease 1.57 (0.64-3.86) 0.325
Chronic kidney disease stage 3 to 5 12.50 (1.45-107.74) 0.022 29.27 (1.68-510.28) 0.021
Rheumatic disease 1.23 (0.36-4.62) 0.761
Solid organ tumor 2.13 (0.86-5.30) 0.103
Hematologic malignancy 0.35 (0.04-3.07) 0.341
Immunosuppressive agents 1.42 (0.46-4.40) 0.547
Septic shock 1.71 (0.79-3.69) 0.17
Pitt bacteremia score 1.26 (1.05-1.52) 0.013 1.57 (1.18-2.10) 0.002
Complicated infection 2.61 (1.18-5.79) 0.018
Bacteremia duration, d 1.05 (0.99-1.11) 0.135
Concomitant use of nephrotoxins 13.67 (1.76-106.22) 0.012 12.88 (1.25-133.15) 0.032
Area under the concentration-time curve cut-off >615.0 mg- hr/L 3.01 (1.29-7.02) 0.011 5.24 (1.88-14.65) 0.002

Identification of AUC thresholds for treatment failure and
nephrotoxicity

The threshold for dichotomizing the AUC data was deter-
mined using CART and ROC analysis. The predictive performance
of the CART-and ROC-derived AUC thresholds for nephrotoxicity
and treatment failure are listed in Supplemental Tables 2 and
3, respectively (available in the online version at doi:10.1016/j.
curtheres.2022.100687). A ROC-derived AUC nephrotoxicity thresh-
old of 615.0 mg- hr/L had the highest positive predictive value and
highest area under the ROC curve and was therefore incorporated
into the multivariate analysis (see Supplemental Table 2 in the on-
line version at doi:10.1016/j.curtheres.2022.100687). According to
the multivariate analysis, an AUC threshold >615.0 mg- hr/L ac-
cording to ROC curve analysis was associated with an increased
risk of nephrotoxicity (aOR =5.24; 95% (I, 1.88-14.65) (Table 4).

In contrast, it was impossible to discriminate AUC thresholds
for treatment failure because the means of the AUC for the treat-
ment success and failure groups were not significantly different
(P=0.302), and neither the CART nor the ROC-derived AUC thresh-
olds were significantly predictive (see Supplemental Table 3 in the
online version at doi:10.1016/j.curtheres.2022.100687).

Discussion

Recent studies have shown that AUC-based monitoring of-
fers the opportunity to optimize treatment efficacy and mini-
mize nephrotoxicity by avoiding unnecessary exposure to van-
comycin.*!? With the paradigm shift from the use of trough con-
centration to AUC in vancomycin TDM, we aimed to evaluate the
association between vancomycin exposure and treatment outcome
with a focus on the establishment of treatment failure and toxicity
thresholds. Several important conclusions can be drawn from this
study involving hospitalized adult patients with MRSA bacteremia.

In most patients, the optimal AUC/MIC did not occur within
the recommended trough target range. Similar to previous stud-
ies, a substantial number of patients achieved an AUC >400 mg-
hr/L at trough levels below the guideline recommendations (<15
mg/L).*>20 In these patients, the vancomycin dose was increased
to attain the trough target, resulting in unnecessarily higher ex-

posures and an increased risk of AKI. This discordance is not sur-
prising, considering the definitions of trough concentration and
AUC. The AUC is the cumulative exposure for a defined time pe-
riod, whereas the trough concentration is reflective of only a sin-
gle exposure point at the end of the dosing interval.*'° Maintain-
ing trough concentrations of 15 to 20 mg/L equates to an AUC be-
tween 360 mg- hr/L (15 mg/L x 24 hours) and 480 mg- hr/L (20
mg/L x 24 hours), ensuring an AUC >400 mg- hr/L in most cases.
However, there is high interpatient variability in the peak concen-
trations and upper range of AUC values associated with a given
trough value. Therefore, AUC-guided vancomycin dosing should be
considered instead of trough-guided monitoring to ensure an accu-
rate and safe dosage regimen.

Overall, treatment failure and nephrotoxicity rates of 51.7% and
35.6%, respectively, were observed. The severity of acute illness
and comorbidities were clinically relevant risk factors for treat-
ment failure. In particular, patients with solid organ malignancies
were more likely to experience treatment failure (12.1% vs 28.3%;
P=0.028). Vancomycin treatment success was predominantly ob-
served in patients with low-risk sources of infection, such as in-
travenous catheter-related bloodstream infections (37.9% vs 18.3%;
P=0.018), whereas clinical failure was mostly observed in high-
inoculum infections, including endocarditis and central nervous
system infections. This is not entirely unexpected because per-
sistent bacteremia and consequent metastatic infection are com-
monly associated with high-inoculum infections.?!-22 Nevertheless,
patients from all categories of infection source experienced treat-
ment failure and mortality, implicating the significance of comor-
bidity or presence of prostheses.?’-23 In our study, the highest pro-
portion of patients with MRSA bacteremia who experienced treat-
ment failure was of those with bone and joint infection (28.3%),
most of whom had prosthetic materials implanted. Because our
hospital is among the largest trauma centers in Korea, the major-
ity of patients who possess prostheses visit us, which explains the
higher number of cases of complicated infections and treatment
failures reported in this study than in previous studies.

According to previous clinical studies, a low vancomycin
AUC/MIC is an independent risk factor for treatment fail-
ure in MRSA bacteremia.>21-24.25 Song et al'® reported that
an AUC/MIC <392.7 (by BMD) and <3972 (by Etest) was
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associated with treatment failure, whereas Kullar et al’® showed
that an AUC/MIC <421 was associated with significantly higher
rates of treatment failure. In 2014, Lodise et al'? demonstrated
that AUC/MIC thresholds >650 (by BMD) and >320 (by Etest)
were associated with a lower probability of treatment failure,
with risk ratios approximately 0.5 for all AUC/MIC exposure
thresholds.'? This inconsistency creates uncertainty regarding the
predictive value of the AUC/MIC parameter. Thus, we attempted to
discriminate AUC/MIC thresholds for treatment failure using CART
and ROC analyses. However, both CART- and ROC-derived AUC
thresholds for treatment failure were not significant predictive
values (see Supplemental Table 3 available in the online version at
doi:10.1016/j.curtheres.2022.100687). Instead, underlying comorbid
condition and complicated infections were significantly associated
with an increased risk of treatment failure, indicating that higher
vancomycin exposures do not provide a clinical benefit. Although
clinical efficacy was not associated with vancomycin exposure,
the risk of AKI increased with higher AUC/MIC. This finding is
consistent with recent reports.?-'® A prospective, multicenter ob-
servational study by Lodise et al'® showed that no difference was
observed in treatment failure between prespecified vancomycin
exposure groups (AUC/MICgyp =650 and AUC/MICges; >320),
whereas higher rates of AKI were found in the groups with a
higher AUC/MIC on day 2. They also illustrated that patients
with an AUC <515 mg-hr/L on day 2 experienced the best overall
outcome (ie, fewer instances of AKI and treatment failure) based
on a Desirability of Outcome Ranking (DOOR) risk-benefit analysis.

According to our risk factor analysis for all-cause mortality
in MRSA bacteremia, the severity of illness and comorbidity, as
well as the development of AKI, confers a higher risk of mor-
tality (aOR=6.74; 95% CI, 1.82-24.99), indicating the importance
of avoiding unnecessarily high vancomycin exposure. Thus, defin-
ing the upper limit of the therapeutic AUC is crucial for achiev-
ing the best clinical outcome. In the current analysis, ROC-derived
thresholds >615.0 mg- hr/L for the nephrotoxicity AUC were signif-
icant and had the most predictive value, maximizing the positive
predictive value. This cutoff value was identified as an indepen-
dent predictor of AKI using multivariate logistic regression analysis
(aOR=5.92; 95% (I, 2.23-15.70) (Table 3), and only the AUC re-
mained significant (aOR=1.005; 95% CI, 1.002-1.007) despite the
observed correlation between trough concentration and AUC (data
not shown in Table 3). In this study, the nephrotoxicity threshold
was lower than the previously predicted cutoff between 648 and
1300 mg- hr/L.'#15.24 This disparity may be explained by differ-
ences in patient populations or the definitions of nephrotoxicity.
The proportion of comorbid chronic kidney disease patients dif-
fered amongst previous studies, and various exclusion criteria were
applied. Chavada et al® and the present study only excluded dial-
ysis patients, whereas Zasowski et al'* excluded patients with a
baseline serum creatinine value >2 mg/dL. This difference could
lead to a wide range of AUC thresholds for nephrotoxicity. More-
over, the criteria used for defining AKI were adopted from Acute
Kidney Injury Network and the Kidney Disease: Improving Global
Outcomes, which define AKI as a serum creatinine level of 0.3 mg/L
or a 50% increase from baseline on 2 or more consecutive measure-
ments, which are more sensitive parameters than those reported
in previous studies.’-'"-1424 It is logical that more sensitive defini-
tions of AKI would result in lower AUC nephrotoxicity thresholds.

This study has some limitations that must be considered. First,
there are limitations inherent to the study design, including selec-
tion bias. Because this was a study of adult patients with MRSA
bacteremia who were not on dialysis, the observed findings are not
applicable to other populations. Additionally, the enrollment crite-
ria of including patients with blood culture monitored every 3 to 5
days could confound the assessment of duration of the bacteremia.
Second, because the first author and the single pharmacist mainly
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inspected all the patients’ records several times and conducted an
AUC prediction, assessment of observer variability was not per-
formed. Third, the AUC estimation was performed at a steady state
using a single trough concentration. In fact, it is difficult to de-
termine steady states in clinical practice, and we were not abso-
lutely certain that all patients were truly in a steady state. Our in-
stitutional dosing guidelines recommend 15 to 20 mg/kg every 12
hours in adult patients with normal renal function, and to mon-
itor the vancomycin concentration before the fourth or fifth dose
in all patients. Thus, by not accounting for individuals’ different
pharmacokinetic parameters, our AUC estimation could cause delay
in achieving desired concentrations. Moreover, although a reliable
estimation of the daily AUC could be obtained using a Bayesian
software program with trough-only pharmacokinetic sampling, a
Bayesian prior embedded with richly sampled vancomycin data,
mainly obtained from western population might be inadequate for
Korean population. Because this study is a retrospective study, a
second level was unavailable from our study. Although using sin-
gle drug level is more convenient and less costly, it may not be as
accurate as a 2-level approach, particularly in patients with very
altered pharmacokinetic parameters.?’ Lastly, the sample size was
small; therefore, other possible risk factors for clinical failure in
MRSA bacteremia may have appeared to be insignificant.

This study was strengthened by the use of a Bayesian ap-
proach to estimate an individual's vancomycin exposure profile
with limited vancomycin blood concentration data. AUC determi-
nation originally required multiple pharmacokinetic sampling to
calculate AUC by linear trapezoidal method. An equation-based ap-
proach should involve at least 2 times of pharmacokinetic sam-
pling, whereas Bayesian approach could estimate AUC with collec-
tion of 1 or 2 concentrations.?’ Recent analysis validating Bayesian
dose-optimizing software demonstrated that the addition of a sec-
ond level to the trough could improve the accuracy and bias
in some software, especially in critically ill patients.?® Al-sulaiti
et al?’ also demonstrated that peak-trough based TDM could im-
prove vancomycin-associated cure. Although it is preferred to es-
timate the Bayesian AUC using 2-point concentrations, trough-
only pharmacokinetic sampling can be utilized to generate reli-
able estimates of AUC with the help of population pharmacoki-
netic databases supplied by the software as Bayesian prior. Neely
et al* and Pai et al’® demonstrated that Bayesian AUC estimated
from trough-only data was associated with 97% accurate AUC es-
timation (93%-102%; P=0.23), when using multiple concentration-
time profile as Bayesian prior. However, there were limited inclu-
sion of special populations in previously mentioned studies, and
it is unclear whether this single point Bayesian AUC estimates
could be applicable to general population. In addition, using a sin-
gle nontrough value during beta-elimination phase with Bayesian
software produces similar estimates with trough-only values.?8-29
Thus, our study could overcome the problem with inaccuracy of
sampling time or single point estimates of AUC by using a Bayesian
dose-optimizing software program, to some extent. Furthermore, to
determine the most predictive AUC cutoff for clinical failure and
nephrotoxicity, both CART and ROC methods were attempted, and
these candidate AUC values were evaluated for their predictive per-
formance, which is unique compared with previous studies.

Conclusions

The results of this study demonstrated a modest ability of the
vancomycin AUC to predict clinical outcomes. Rather than van-
comycin exposure, comorbid diseases, severity of acute illness, and
lower body mass index were independent risk factors for clinical
failure. However, given that a wide variety of individuals’ clinical
situations, comorbid diseases, and concomitant therapies in real
world, a 1-size-fits-all approach to drug dose delivery would be
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less accurate, and no longer reasonable. Therefore, more specific
and individualized AUC targets should be considered, but require
further study and confirmation before implementation. A higher
vancomycin exposure was associated with an increased risk of AKI.
We defined the upper limit of the vancomycin therapeutic range,
with a vancomycin AUC >615.0 mg- hr/L, as associated with a
nearly 5-fold increase in nephrotoxicity. Further studies are needed
to define the AUC therapeutic range to maximize efficacy and min-
imize the likelihood of toxicity.
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