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Among patients with methicillin-resistant Staphylococcus au-
reus bacteremia, vancomycin-associated acute kidney injury in-
creased as a function of the day 2 area under the curve (AUC), 
even for daily AUCs within the recommended therapeutic 
range (400–600). Further data are needed to determine if daily 
AUCs <400 can be maintained without compromising efficacy.

Keywords.  MRSA; outcomes; pharmacokinetics; 
vancomycin.

Vancomycin remains the standard of care for serious methicillin-
resistant Staphylococcus aureus (MRSA) infections, but optimal 
dosing is constrained by a tradeoff between clinical effective-
ness and vancomycin-associated acute kidney injury (VA-AKI) 
at higher vancomycin exposures [1]. Consensus guidelines on 
vancomycin dosing recommend targeting a daily area under 
the curve (AUC) of 400–600 mg × hour/L to minimize VA-AKI 
while preserving effectiveness. However, patients with vanco-
mycin exposures within this range may still be at risk of VA-AKI 
[2–6]. To quantify this risk, we evaluated the associations be-
tween the day 2 vancomycin AUC and VA-AKI among patients 
who were enrolled in Prospective Observational Evaluation 
of the Association between Initial Vancomycin Exposure and 

Failure Rates among Adult Hospitalized Patients with MRSA 
Bloodstream Infections (PROVIDE) [4].

METHODS

Patients were included in PROVIDE if they were aged ≥18 
years, hospitalized, received vancomycin within 48 hours of 
index MRSA blood culture, continued vancomycin for at least 
72 hours, had at least 2 vancomycin blood concentrations 
during the first 5 days of vancomycin, and had available 30-day 
outcome data. Patients from PROVIDE were included in the 
primary of this study if they had a (1) serum creatinine (SCR) 
on or before the day of the first vancomycin dose, (2) a base-
line creatinine clearance (CLCR) ≥30 mL/minute, and (3) sub-
sequent SCR value(s) from initiation of vancomycin to 48 hours 
postcompletion. Patients with severe renal impairment (CLCR 
<30 mL/minute) at start of vancomycin were excluded to focus 
on patients without significant baseline renal dysfunction [7, 8].

All baseline data elements collected in PROVIDE were in-
cluded (Table 1) [4]. Vancomycin day 2 AUC values were es-
timated post hoc using the maximal a posteriori probability 
procedure in ADAPT 5 [9, 10]. We selected day 2 AUC as the 
primary exposure variable since it is indicative of near-steady-
state conditions. Since most VA-AKI events occurred after 
>5 days of vancomycin therapy in PROVIDE [4], day 2 AUC 
avoids the confounding of AKI causing increased vancomycin 
AUCs. Day 2 vancomycin AUC values were consolidated into 
3 categories: <400, 400–600, and >600 to reflect AUCs below, 
within, and above the recommended therapeutic range.

Occurrences of VA-AKI were based on the KDIGO (Kidney 
Disease: Improving Global Outcomes) [11] and RIFLE (modi-
fied Risk, Injury, Failure, Loss of kidney function, and End-stage 
kidney disease) classifications [12, 13] and were assessed from 
day 2 of vancomycin to 48 hours post–vancomycin completion. 
The following KDIGO/RIFLE classifications were evaluated: (1) 
KDIGO stage 1 (increase in baseline SCR by ≥0.3 mg/dL within 48 
hours or increase in baseline SCR by ≥1.5 mg/dL within 7 days); 
(2) RIFLE Risk (increase in baseline SCR by ≥1.5  mg/dL); (3) 
KDIGO stage 2/RIFLE Injury (increase in baseline SCR by ≥2 mg/
dL); and (4) KDIGO stage 3/RIFLE Failure (increase in baseline 
SCR by ≥3 mg/dL or SCR ≥4.0 mg/dL). The SCR observed on van-
comycin day 1 was used as the baseline SCR for classifying the oc-
currence of VA-AKI. When SCR was not collected on a given day, 
the SCR measurement from the day prior was carried forward for 
determining the occurrence of KDIGO stage 1. These AKI clas-
sifications were examined as occurrence of these AKI endpoints 
has been significantly associated with mortality [11].

Bivariate associations between baseline covariates and day 2 
vancomycin AUC categories (ie, <400, 400–600, and >600) and 
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baseline covariates and VA-AKI outcomes were assessed using 
parametric (ie, Student t test or 1-way analysis of variance) or 
nonparametric test (ie, Pearson χ2 or independent samples me-
dian test), depending on nature of comparison. Tests for trends 
were used to determine association between the day 2 AUC 
categories and VA-AKI. A sensitivity test for trends analysis was 
performed that excluded patients with RIFLE Risk on day 2 of 
vancomycin to avoid those that were potentially already in the 
causal pathway to AKI. Two sets of logistic regressions were per-
formed to quantify the association between day 2 vancomycin 
AUC and VA-AKI outcomes after adjusting for potential con-
founding variables. In the first, day 2 vancomycin AUC was in-
cluded as a continuous variable. In the second, day 2 AUC was 
included as a 3-level rank order categorical variable. For both 
sets, the day 2 AUC variable was forced into the model first. All 
potential confounding variables (baseline covariates presence 

in >5% of study population and associated with VA-AKI out-
comes or vancomycin day 2 AUC at P < .2) were then included 
at model entry and a backward stepping approach was used to 
remove variables with P >.1. All calculations were computed 
using IBM SPSS Statistics 27 software (IBM Corporation, 
Armonk, New York).

RESULTS

Of the 265 evaluable patients in PROVIDE, 230 had a baseline 
CLCR ≥30 mL/minute and a subsequent SCR value. The incidences 
of KDIGO stage 1, RIFLE Risk, KDIGO stage 2/RIFLE Injury, 
and KDIGO stage 3/RIFLE Failure were 31.7%, 23.9%, 13.0%, 
and 6.1%, respectively. Comparison of baseline characteris-
tics between day 2 AUC categories and presence or absence of 
VA-AKI outcomes are shown in Table 1. Baseline weight, body 
mass index, Acute Physiology and Chronic Health Evaluation II 
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Figure 1.  Association between occurrence of KDIGO (Kidney Disease: Improving Global Outcomes) and RIFLE (modified Risk, Injury, Failure, Loss of kidney function, and 
End-stage kidney disease) classifications and day 2 vancomycin area under the curve (AUC) with rank-ordered categories of <400, 400–600, and >600 in the primary anal-
ysis (n = 230; A) and sensitivity analysis that excluded patients who experienced RIFLE Risk on day 2 of vancomycin (n = 223; B). A, Test for trends: KDIGO stage 1: P = .02; 
RIFLE Risk: P = .10; KDIGO stage 2/RIFLE Injury: P = .43; KDIGO stage 3/RIFLE Injury: P = .32. B, Test for trends: KDIGO stage 1: P = .01; RIFLE Risk: P = .05; KDIGO stage 2/
RIFLE Injury: P = .34; KDIGO stage 3/RIFLE Injury: P = .34.
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(APACHE II) score, and prior residence in a healthcare facility 
were the only variables that significantly differed between day 
2 AUC categories. In the test for trends analysis (Figure 1A), a 
significant association was observed between the day 2 AUC 
categories and KDIGO stage 1 (P = .02) but not RIFLE (P = 
.1), KDIGO stage 2/RIFLE Injury (P = .43), or KDIGO stage 
3/RIFLE Failure (P = .32). Similar test for trends associations 
between day 2 AUC and VA-AKI outcomes were observed in 
the sensitivity analysis that excluded patients who experienced 
RIFLE risk on day 2 (Figure 1B). In the multivariate logistic 
regression analyses (Table 2), significant associations were ob-
served between day 2 vancomycin AUC, coded as a continuous 
variable, and all VA-AKI outcomes. Day 2 AUC, coded a 3-level 
rank order categorical variable, was significantly associated 
with KDIGO stage 1 and RIFLE Risk in the second set of multi-
variate logistic regression analyses.

DISCUSSION

Among patients with MRSA bacteremia, we found that the odds 
of VA-AKI outcomes increased as a function of the daily day 
2 AUC and several VA-AKI outcomes were significantly more 
pronounced in patients with daily day 2 AUC values within 
the recommended therapeutic range of 400–600. Our findings 
provide some nuance to prior analyses that identified a single 
nephrotoxicity threshold at daily AUC in excess of 600–800 [2, 
6, 14–18]. Few studies have examined the VA-AKI risk across 
the AUC continuum as performed in this study. Our findings 
align with those of Combination Antibiotics for Methicillin 
Resistant Staphylococcus aureus (CAMERA-2) randomized 
clinical trial which examined the risk of VA-AKI during the first 
7 days of vancomycin therapy among adult patients with MRSA 
bacteremia who received vancomycin alone or in combination 
with a β-lactam [3]. In CAMERA-2, the risk of VA-AKI during 

Table 2.  Association Between Day 2 Area Under the Curve, Coded as Either a Continuous or Rank Order Ordinal Variable, and Vancomycin-Associated 
Acute Kidney Injury in Multivariate Regression Analyses

Classification and Variable Unadjusted Adjusted

  OR 95% CI P Value OR 95% CI P Value 

KDIGO stage 1

  AUCa Continuous 1.001 1.000–1.002 .05 1.001 1.000–1.003 .04

  AUC categoryb <400 Reference Reference

400–600 1.59 1.09–2.33 .02 1.81 1.18–2.78 .007

>600 2.44 1.18–5.40 .02 3.20 1.38–7.69 .007

RIFLE Risk

  AUCc Continuous 1.001 1.000–1.003 .05 1.002 1.000–1.003 .02

  AUC categoryd <400 Reference Reference

400–600 1.42 .94–2.12 .10 1.70 1.07–2.71 .03

>600 2.00 .88–4.57 .10 2.87 1.13–7.29 .03

KDIGO stage 2/RIFLE Injury

  AUCe Continuous 1.002 1.000–1.003 .03 1.002 1.000–1.003 .02

  AUC categoryf <400 Reference Reference

400–600 1.23 .73–2.05 .43 1.47 .79–2.72 .22

>600 1.51 .54–4.21 .43 2.16 .63–7.40 .22

KDIGO stage 3/RIFLE Failure

  AUCg Continuous 1.003 1.001–1.005 .006 1.002 1.000–1.005 .03

  AUC categoryh <400 Reference Reference

400–600 1.46 .69–3.13 .34 1.42 .65–3.09 .38

>600 2.14 .47–9.79 .34 1.91 .42–9.18 .38

Abbreviations: AUC, area under the curve; CI, confidence interval; KDIGO, Kidney Disease: Improving Global Outcomes; OR, odds ratio; RIFLE, modified Risk, Injury, Failure, Loss of kidney 
function, and End-stage kidney disease.
aAdjusted for age, quinolone use during the first 7 days of vancomycin therapy, prior receipt of antibiotics, prior receipt of vancomycin, preexisting valvular heart disease, presence of de-
cubitus ulcers, and urinary tract source.
bAdjusted for age, quinolone use during the first 7 days of vancomycin therapy, prior receipt of antibiotics, prior receipt of vancomycin, preexisting valular heart disease, presence of decub-
itus ulcers, and urinary tract source.
cAdjusted for age, recent residence in healthcare facility, presence of heart failure, quinolone use during the first 7 days of vancomycin therapy, recent cerebral vascular accident, intravenous 
catheter source, race (White vs non-White), and presence of chronic obstructive pulmonary disease.
dAdjusted for age, recent residence in healthcare facility, presence of heart failure, quinolone use during the first 7 days of vancomycin therapy, abdominal source, intravenous catheter 
source, race (White vs non-White), recent cerebral vascular accident, and presence of chronic obstructive pulmonary disease.
eAdjusted for age, weight, sex, recent residence in healthcare facility, skin and soft tissue source, intravenous catheter source, receipt of immunosuppressive drugs, creatinine clearance at 
baseline, and quinolone use during the first 7 days of vancomycin therapy.
fAdjusted for age, weight, sex, skin and soft tissue source, intravenous catheter source, receipt of immunosuppressive drugs, creatinine clearance at baseline, and quinolone use during 
the first 7 days of vancomycin therapy.
gAdjusted for quinolone use during the first 7 days of vancomycin therapy.
hAdjusted for quinolone use during the first 7 days of vancomycin therapy.
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the first 7 days of therapy was higher among those with daily 
AUC >400.

Importantly, the lowest effective daily vancomycin AUC is 
unknown. The recommendation for the lower bound of the 
therapeutic range of 400 in the revised consensus guidelines 
is based, in part, on the “Desirability of Outcome Ranking” 
analysis from PROVIDE [4], which found that patients in the 
lowest 2 AUC quantiles (AUCs of 93–515) had the best global 
outcomes. However, it is unclear whether efficacy is maintained 
at day 2 AUC values <400 as few patients had AUCs below this 
threshold. Confirmation of the minimum AUC values that still 
cure the infection would be beneficial from a global outcomes 
perspective (ie VA-AKI risk reduction within the range that 
confers maximal efficacy). Until further studies are conducted, 
this can most reliably be achieved within the current guideline 
recommendations by targeting AUCs at the lower end of the 
range (eg, 400–500) for patients with serious MRSA infections 
as the totality of data indicate that VA-AKI increases along the 
vancomycin AUC continuum [2–6]. Because of intrapatient 
variability, targeting the lower range may functionally avoid 
overshooting and protect against supratherapeutic concentra-
tions (eg, AUC >800).

This study is subject to limitations inherent to the observa-
tional study design. Few baseline covariates differed between 
day 2 AUC groups and few variables were associated with the 
VA-AKI outcomes, but unmeasured cofounders may have po-
tentially contributed to the observed findings. For example, 
data on other known nephrotoxins were not collected as part of 
this study. However, it is likely these variables would have been 
evenly distributed across AUC groups. Duration of vancomycin 
is a known predictor of VA-AKI [2, 4, 19, 20], but time-to-event 
analyses were not performed since the focus was to evaluate the 
association between day 2 AUC values and VA-AKI. Of note, 
therapy duration was similar between AUC groups and was 
not found to confound the observed day 2 AUC VA-AKI find-
ings. Similarly, loading and daily doses were not considered (al-
though they would be reflected in the AUC values) as the focus 
was to evaluate the association between day 2 AUC values and 
VA-AKI. This was a study of adult, nonneutropenic, nondialysis 
patients with a baseline CLCR ≥30 mL/minute and may not be 
applicable to other populations. We restricted the population to 
those with a CLCR ≥30 mL/minute to ensure a more homoge-
nous population of patients without severe renal impairment at 
baseline [7, 8]. Last, there is imprecision in the observed study 
findings given the limited size of some AUC categories.

In conclusion, this analysis of adult hospitalized patients with 
MRSA bloodstream infections showed that VA-AKI increased 
as a function of the day 2 AUC, even within the recommended 
AUC therapeutic range of 400–600. Although caution should 
be exercised when applying the findings given the observational 
nature of the study, clinicians should consider the benefits vs 

risks of maintaining daily AUC at the higher end of the newly 
recommended AUC range. There is also a critical need to deter-
mine if daily AUC <400 can be maintained in practice without 
compromising clinical outcomes.
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