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ABSTRACT Evidence supports vancomycin therapeutic-drug monitoring by area un-
der the concentration-time curve (AUC), but data to establish an AUC upper limit are
limited and published nephrotoxicity thresholds range widely. The objective of this
analysis was to examine the association between initial vancomycin AUC and neph-
rotoxicity. This was a multicenter, retrospective cohort study of adult patients receiv-
ing intravenous vancomycin from 2014 to 2015. Nephrotoxicity was defined as a
serum creatinine increase of 0.5 mg/liter and 50% from baseline on consecutive
measurements. Vancomycin exposure profile during the initial 48 h of therapy was
estimated using maximum a posteriori probability Bayesian estimation. Vancomycin
AUC and minimum-concentration (Cmin) thresholds most strongly associated with
nephrotoxicity were identified via classification and regression tree (CART) analysis.
Predictive performances of CART-derived and other candidate AUC thresholds was
assessed through positive and negative predictive value and receiver operating char-
acteristic curves. Poisson regression was used to quantify the association between
exposure thresholds and nephrotoxicity while adjusting for confounders. Among 323
patients included, nephrotoxicity was significantly higher in patients with AUCs from
0 to 48 h (AUC0 – 48) of �1,218 mg · h/liter, AUC0 –24 of �677 mg · h/liter, AUC24 – 48

of �683 mg · h/liter, and day 1 Cmin (Cmin24) of �18.8 mg/liter. Vancomycin expo-
sure in excess of these thresholds was associated with a 3- to 4-fold-increased risk of
nephrotoxicity in Poisson regression. The predictive performance of AUC for nephro-
toxicity was maximized at daily AUC values between 600 and 800 mg · h/liter. Al-
though these data support an AUC range for vancomycin-associated nephrotoxity
rather than a single threshold, available evidence suggests that a daily AUC limit of
700 mg · h/liter is reasonable.

KEYWORDS area under the concentration-time curve, AUC, trough concentration,
Cmin, acute kidney injury, nephrotoxicity, therapeutic-drug monitoring

Recent evidence regarding vancomycin pharmacokinetics/pharmacodynamics has
initiated a paradigm shift in vancomycin therapeutic-drug monitoring (TDM) from

targeting trough concentrations to area under the concentration-time curve (AUC)
(1–8). The 2009 vancomycin TDM guidelines published by the Infectious Diseases
Society of America in collaboration with the American Society of Health-System Phar-
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macists and the Society of Infectious Diseases Pharmacists recommended trough
concentrations between 15 and 20 mg/liter to maximize the likelihood of achieving
daily AUC/MIC ratios of �400 for organisms with MICs of �1 mg/liter (9). However,
recent pharmacokinetic data suggest that the majority of patients can achieve AUC
values of �400 mg · h/liter with trough concentrations of �15 mg/liter (1). Considering
that vancomycin-associated nephrotoxicity has been linked to trough concentrations of
�15 mg/liter, monitoring vancomycin by AUC would be expected to reduce unneces-
sarily high vancomycin exposure and thus reduce nephrotoxicity (10, 11). This notion is
consistent with recent clinical data demonstrating reduced nephrotoxicity with AUC-
guided dosing relative to targeting trough concentrations of 15 to 20 mg/liter (8).
Coupled with clinical data confirming that AUC better predicts efficacy and preclinical
data suggesting that AUC and maximum concentration (Cmax) are more strongly
correlated with kidney injury than trough, it is apparent that AUC-guided vancomycin
dosing is a more rational approach (2, 4, 7).

Although clinical data suggest that targeting daily vancomycin AUCs between 400
and 600 mg · h/liter will ensure efficacy, the AUC range associated with nephrotoxicity
has not been clearly defined (2, 4, 12, 13). A number of published reports have
examined the potential relationship between daily vancomycin AUC and nephrotoxic-
ity. However, the AUC estimation methods have varied and the resulting AUC thresh-
olds have ranged widely, from 563 to 1,300 mg · h/liter (6, 14–17). This leaves the
therapeutic vancomycin AUC range without an upper limit, which further limits the
widespread implementation of AUC monitoring. As vancomycin is one of the most
commonly prescribed intravenous (i.v.) antibiotics in many countries and vancomycin-
associated nephrotoxicity is reported to occur in 5 to 30% of patients, additional data
to define an upper limit for AUC monitoring are crucial (10, 18–20). The objective of this
analysis was to derive vancomycin exposure-toxicity thresholds in hospitalized patients
receiving intravenous vancomycin, with a focus on AUC.

(Preliminary results of this analysis have been previously presented at the 2016
American Society for Microbiology Microbe in Boston, MA, and the 2017 European
Congress of Clinical Microbiology and Infectious Disease in Vienna, Austria.)

RESULTS

A total of 323 patients were included. The cohort was predominantly African
American (74.6%), approximately half male (51.7%), with a mean (standard deviation
[SD]) age of 61.7 (16.8) years. Hypertension (75.9%), heart failure (37.5%), diabetes
mellitus (35.9%), and renal disease (18.6%) were common comorbidities. The median
(interquartile range [IQR]) Elixhauser comorbidity index and acute physiology and
chronic health evaluation II (APACHE II) score were 5 (4 to 7) and 13 (9 to 20),
respectively. The majority of patients received at least one concomitant nephrotoxic
medication (61.6%), and the most common were furosemide (41.5%), lisinopril (26.0%),
and i.v. contrast (18.0%). Vancomycin indication per initial physician order was bacte-
remia in 57.0% and pneumonia in 43.0% of patients. Therapeutic-drug monitoring was
performed using AUC in 52.3% of patients. The median (IQR) duration of therapy was
6 (5 to 8) days, and the median (IQR) total daily doses on days 1 and 2 were 3,000 (2,250
to 4,000) mg and 2,000 (1,250 to 3,000) mg, respectively. The median (IQR) Bayesian
estimated AUC from 0 to 24 h (AUC0 –24), AUC24 – 48, day 1 minimum concentration
(Cmin24), and day 2 Cmin (Cmin48) were 572 (416 to 738) mg · h/liter, 586 (467 to 743) mg
· h/liter, 11.1 (7.9 to 14.7) mg/liter, and 13.6 (9.4 to 17.3) mg/liter, respectively. A total
of 670 vancomycin serum concentrations were used in the Bayesian analysis. The
median (IQR) number of serum concentrations per patient and time to concentration
were 2 (2, 3) concentrations and 47.4 (29.8 to 68.9) h, respectively. Linear regression of
observed versus Bayesian predicted vancomycin serum concentrations indicate that
the observed concentrations were explained well (R2 � 0.990 [data not shown]).

Bivariate comparisons between patients who experienced and did not experience
nephrotoxicity are listed in Table 1. Patients who experienced nephrotoxicity had
significantly higher Elixhauser comorbidity index and APACHE II scores, were more
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likely to have renal disease, liver disease, or heart failure, and were more likely to have
received concomitant furosemide or concomitant i.v. contrast dye. Those experiencing
nephrotoxicity had significantly higher vancomycin exposure quantified by AUC0 – 48

and AUC24 – 48 and numerically higher AUC0 –24, Cmin24, and Cmin48. In the classification
and regression tree (CART) analysis, nephrotoxicity was significantly higher among
patients with AUC0 – 48s of �1,218 mg · h/liter, AUC0 –24s of �677 mg · h/liter, AUC24 – 48s
of �683 mg · h/liter, and Cmin24s of �18.8 mg/liter, while no threshold was discovered
for Cmin48 (Table 1 and Fig. 1).

The predictive performance of the CART-derived vancomycin AUC thresholds and
other candidate AUC thresholds are listed in Table 2. Despite generally poor sensitivity,
negative predictive value (NPV) was high and remained consistent across all candidate

TABLE 1 Bivariate comparisons of demographic and clinical characteristics between nephrotoxic and non-nephrotoxic patientsa

Characteristic

Value for patients

P valueNon-nephrotoxic (n � 303) Nephrotoxic (n � 20)

Demographics
Age (yrs), mean (SD) 61.5 (16.5) 64.2 (21.3) 0.593
Male, no. (%) 152 (50.2) 15 (75.0) 0.031
Race, no. (%) 0.636

African American 228 (75.2) 13 (65.0)
Caucasian 56 (18.5) 6 (30.0)
Asian 2 (0.7) 0
Other/unknown 17 (5.6) 1 (5.0)

Selected comorbidities
Renal disease, no. (%) 50 (16.5) 10 (50.0) �0.001
Liver disease, no. (%) 26 (8.6) 5 (25.0) 0.016
Heart failure, no. (%) 107 (35.3) 14 (70.0) 0.002
Diabetes, no. (%) 107 (35.3) 9 (45.0) 0.382
Peripheral vascular disease, no. (%) 38 (12.5) 4 (20.0) 0.337
Hypertension, no. (%) 229 (75.6) 16 (80.0) 0.792
Obesity, no. (%) 54 (17.8) 2 (10.0) 0.546
Elixhauser comorbidity index, median (IQR) 5 (3–7) 7.5 (5.25–8.75) �0.001

Clinical data
Baseline SCrb (mg/dl), median (IQR) 0.88 (0.69–1.18) 0.95 (0.87–1.22) 0.164
APACHE II score,b median (IQR) 13 (9–18) 20.5 (12.75–31.25) 0.001
Concomitant nephrotoxin,d no. (%) 183 (60.4) 16 (80.0) 0.098
Intravenous contrast dye, no. (%) 49 (16.2) 9 (45.0) 0.001
Furosemide, no. (%) 119 (39.3) 15 (75.0) 0.002
Lisinopril, no. (%) 78 (25.7) 6 (30.0) 0.674
Aminoglycoside, no. (%) 23 (7.6) 2 (10.0) 0.660

Vancomycin treatment data
Vancomycin indication,c no. (%) 0.777

Bacteremia 172 (56.8) 12 (60.0)
Pneumonia 131 (43.2) 8 (40.0)

AUC monitoring, no. (%) 160 (52.8) 9 (45.0) 0.498
Total daily dose from 0 to 48 h (mg), median (IQR) 5,000 (4,000–6,500) 4,625 (3,062–7,375) 0.593
Total daily dose from 0 to 24 h (mg), median (IQR) 3,000 (1,250–4,000) 2,625 (2,312–4,875) 0.741
Total daily dose from 24 to 48 h (mg), median (IQR) 2,000 (1,250–3,000) 1,625 (1,000–2,500) 0.257
Vancomycin duration (days), median (IQR) 6 (5–8) 6.5 (5–9.75) 0.163
AUC0–48 (mg · h/liter), median (IQR) 1,162 (913–1,462) 1,413 (1,220–1,600) 0.031
AUC0–24 (mg · h/liter), median (IQR) 569 (413–735) 700 (547–821) 0.058
AUC24–48 (mg · h/liter), median (IQR) 577 (459–731) 719 (568–853) 0.029
Cmin24 (mg/liter), median (IQR) 11 (7.7–14.4) 13 (9.5–18.4) 0.089
Cmin48 (mg/liter), median (IQR) 13.5 (9.3–17.0) 16.1 (11.2–21.5) 0.055
AUC0–48 of �1,218 mg · h/liter, no. (%) 138 (45.5) 16 (80.0) 0.003
AUC0–24 of �677 mg · h/liter, no. (%) 101 (33.3) 13 (65.0) 0.004
AUC24–48 of �683 mg · h/liter, no. (%) 92 (30.4) 12 (60.0) 0.006
Cmin24 of �18.8 mg/liter, no. (%) 27 (8.9) 5 (25.0) 0.020

aAbbreviations: APACHE, acute physiology and chronic health evaluation; SCr, serum creatinine.
bAt time of 1st vancomycin dose.
cIndication per physician order for vancomycin.
dSeventy-two hours before initial vancomycin dose to 72 h after last vancomycin dose.
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nephrotoxicity thresholds for AUC0 – 48, AUC0 –24, and AUC24 – 48 between 93.5 and
97.6%. In contrast, positive predictive value (PPV) was low but varied across the
candidate nephrotoxicity thresholds from 3.4 to 11.5% and thus was more informative
than NPV in selecting a nephrotoxicity threshold. Positive predictive value for all three
AUC exposure variables was maximized at the CART-derived thresholds and was
highest for AUC0 – 48s between 1,200 and 1,400 mg · h/liter, for AUC0 –24s between 677
and 800 mg · h/liter, and for AUC24 – 48s between 683 and 800 mg · h/liter. Consistent
with maximization of PPV, the CART-derived thresholds for AUC0 – 48, AUC0 –24, and
AUC24 – 48 were most predictive in receiver operating characteristic (ROC) curve analysis
and were the only thresholds with a statistically significant predictive value. The

FIG 1 Incidence of nephrotoxicity by CART-derived exposure thresholds.

TABLE 2 Predictive performance of CART-derived and other candidate AUC toxicity
thresholdsa

AUC (mg · h/liter) Sensitivity (%) NPV (%) Specificity (%) PPV (%)
Area under ROC
curve (95% CI)

AUC0–48

�1,000 85.0 97.2 34.7 7.9 0.598 (0.482–0.714)
�1,200 80.0 97.6 53.1 10.1 0.666 (0.554–0.778)
�1,218 80.0 97.6 54.5 10.4 0.672 (0.561–0.784)
�1,400 50.0 95.5 70.3 10.0 0.601 (0.469–0.734)
�1,600 25.0 94.3 82.5 8.6 0.538 (0.402–0.673)
�1,800 5.0 93.5 90.8 3.4 0.479 (0.352–0.605)

AUC0–24

�500 80.0 96.7 38.3 7.9 0.591 (0.472–0.711)
�600 65.0 96.0 55.8 8.8 0.604 (0.478–0.730)
�677 65.0 96.7 66.7 11.4 0.658 (0.534–0.783)
�700 50.0 95.5 70.0 9.9 0.600 (0.467–0.733)
�800 30.0 94.7 82.5 10.2 0.563 (0.425–0.700)
�900 10.0 93.8 89.4 5.9 0.497 (0.367–0.628)

AUC24–48

�500 80.0 96.2 33.0 7.3 0.565 (0.443–0.687)
�600 65.0 95.9 53.5 8.4 0.592 (0.466–0.718)
�683 60.0 96.3 69.6 11.5 0.648 (0.520–0.777)
�700 50.0 95.6 71.6 10.4 0.608 (0.475–0.741)
�800 30.0 94.7 81.8 9.8 0.559 (0.422–0.696)
�900 10.0 93.8 89.1 5.7 0.496 (0.366–0.626)

aAbbreviations: AUC, area under the concentration-time curve; NPV, negative predictive value; PPV, positive
predictive value; ROC, receiver operating characteristic; CI, confidence interval.
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AUC0 – 48 threshold of �1,218 mg · h/liter had the highest predictive value, with an area
under the ROC curve (95% confidence interval [CI]) of 0.672 (0.561 to 0.784).

The final Poisson regression models for the independent impact of each CART-
derived vancomycin exposure thresholds on nephrotoxicity are listed in Table 3. After
adjustment for Elixhauser comorbidity index and receipt of concomitant i.v. contrast
dye, an AUC0 – 48 of �1,218 mg · h/liter (risk ratio [RR], 4.366; 95% CI, 1.559 to 12.226)
and an AUC24 – 48 of �683 mg · h/liter (RR, 2.982; 95% CI, 1.293 to 6.878) were associated
with 4- and 3-fold-increase risks of nephrotoxicity, respectively. Adjusting for heart
failure and APACHE II score, an AUC0 –24 of �677 mg · h/liter was associated with a
nearly 4-fold-increased risk of nephrotoxicity (RR, 3.734; 95% CI, 1.646 to 8.470).
Adjusting for renal disease and heart failure, a Cmin24 of �18.8 mg/liter was associated
with a 3-fold-increased risk of nephrotoxicity (RR, 3.733; 95% CI, 1.710 to 8.150). The
results of the Cox proportional hazards regression for time to nephrotoxicity were
consistent with those of the Poisson regression with (Table 4). Vancomycin exposure in
excess of each CART-derived exposure threshold was independently associated with
time to nephrotoxicity while adjusting for Elixhauser comorbidity index and concom-
itant i.v. contrast dye.

DISCUSSION

Given the anticipated paradigm shift in vancomycin TDM from trough concentra-
tions to AUC, this study sought to derive vancomycin exposure-toxicity thresholds with
a focus on AUC to establish an upper therapeutic limit. Using a validated Bayesian
approach to estimate AUC from limited vancomycin serum concentration sampling and
CART analysis, thresholds in AUC over the first 48 h of therapy that impacted nephro-
toxicity risk were derived. Adjusting for comorbidity, severity of illness, and receipt of
concomitant nephrotoxins, vancomycin AUC0 – 48 of �1,218 mg · h/liter, AUC0 –24 of
�677 mg · h/liter, and AUC24 – 48 of �683 mg · h/liter were associated with approxi-

TABLE 3 Final Poisson regression models for vancomycin exposure thresholds and
nephrotoxicity

Exposure threshold

Unadjusted Adjusted

RR (95% CI) P value RR (95% CI) P value

AUC0–48 of �1,218 mg · h/liter 4.390 (1.500–12.845) 0.003 4.366a (1.559–12.226) 0.005
AUC0–24 of �677 mg · h/liter 3.405 (1.398–8.291) 0.004 3.734b (1.646–8.470) 0.002
AUC24–48 of �683 mg · h/liter 3.159 (1.332–7.491) 0.006 2.982a (1.293–6.878) 0.010
Cmin24 of �18.8 mg/liter 3.031 (1.179–7.791) 0.020 3.104c (1.243–7.755) 0.015
aAdjusted for Elixhauser comorbidity index and concomitant intravenous contrast dye.
bAdjusted for heart failure and APACHE II score.
cAdjusted for renal disease and heart failure.

TABLE 4 Final Cox proportional hazards regression models for time to nephrotoxicity

Variable Hazard ratio (95% CI) P value

AUC0–48 of �1,218 mg · h/liter 4.963 (1.634–15.072) 0.005
Concomitant i.v. contrast dye 4.141 (1.696–10.109) 0.002
Elixhauser comorbidity index 1.224 (1.057–1.418) 0.007

AUC0–24 of �677 mg · h/liter 4.167 (1.639–10.594 0.003
Concomitant i.v. contrast dye 3.798 (1.560–9.248) 0.003
Elixhauser comorbidity index 1.283 (1.095–1.502) 0.002

AUC24–48 of �683 mg · h/liter 3.513 (1.393–8.859) 0.008
Concomitant i.v. contrast dye 4.270 (1.723–10.585) 0.002
Elixhauser comorbidity index 1.224 (1.059–1.414) 0.006

Cmin24 of �18.8 mg/liter 3.707 (1.336–10.287) 0.012
Concomitant i.v. contrast dye 3.454 (1.422–8.390) 0.006
Elixhauser comorbidity index 1.267 (1.080–1.486) 0.004
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mately 3- to 4-fold-increased nephrotoxicity risk. In this cohort, nephrotoxicity was low
(�4%) among patients with vancomycin exposures below these thresholds.

Although these CART-derived thresholds are inherently able to provide vancomycin
AUC thresholds where the incidence of nephrotoxicity is most disproportionate, neph-
rotoxicity risk theoretically increases as a function of vancomycin AUC. Because of this,
it is important to recognize that a range of AUC values can provide value in predicting
likelihood of nephrotoxicity rather than a single threshold. This is evident in the fact
that the AUC0 – 48 CART threshold of 1,218 mg · h/liter was slightly lower than the sum
of the daily AUC0 –24 and AUC24 – 48 CART thresholds (677 � 683 � 1,360 mg · h/liter)
and likely reflects AUC fluctuation from day 1 to day 2 of therapy. To address this, we
assessed the predictive performance of the CART-derived and other possible nephro-
toxicity thresholds across the first 48 h of therapy (21). Negative predictive value was
high for all thresholds, but this finding is a result of low overall nephrotoxicity incidence
rather than high sensitivity. However, it was notable that NPV remained relatively
constant across candidate toxicity thresholds. This means that the rate of “false
negatives” (patients below a given threshold who experienced toxicity anyway) did not
improve much with lower toxicity thresholds. Positive predictive value, despite being
low, was more informative of the varying predictive value of the candidate thresholds.
Positive predictive value was maximized at daily AUC values between approximately
600 and 800 mg · h/liter over the first 48 h of therapy. Maximization of PPV allows for
identification of patients with vancomycin exposures most likely to result in nephro-
toxicity. This is desirable when establishing an upper range of recommended vanco-
mycin exposure for invasive Staphylococcus aureus infections where morbidity and
mortality concern may outweigh toxicity concern. The collective positive predictive
value data suggest that limiting daily vancomycin AUC values to �700 mg · h/liter can
maximize PPV without compromising NPV, limiting the likelihood of unnecessary
efficacy reductions without a proportionate toxicity reduction. However, it is important
to recognize that this and other thresholds have limited ability to predict which
patients will or will not experience toxicity and can only serve as a guide toward
limiting toxicity.

Despite the wealth of published data relating vancomycin AUC values with efficacy
for invasive Staphylococcus aureus infections, there is a relative dearth of evidence
regarding vancomycin AUC and nephrotoxicity (2–4, 12, 13, 22). Among the few
published reports, resulting AUC nephrotoxicity thresholds vary widely (6, 14–17).
Using approaches similar to the present study, Lodise et al. and Chavada et al. identified
steady-state vancomycin AUC nephrotoxicity thresholds of 1,300 and 563 mg · h/liter,
respectively, in adult patients (14, 17). An AUC threshold of 700 mg · h/liter has also
been proposed based on a small study of adult patients by Suzuki et al. and nephro-
toxicity thresholds from vancomycin administered by continuous infusion (1, 6, 15). In
pediatric patients, Le et al. identified �800 mg · h/liter as predictive of nephrotoxicity
(16). A major difference between this and prior studies is the focus on the initial 48 h
of therapy rather than steady-state or highest observed value. Although no data
compare the importance of initial versus steady-state exposure in determining neph-
rotoxicity risk, initial therapy may be more reliable for capturing vancomycin exposure
that preceded nephrotoxicity rather than exposure during or after nephrotoxicity in
patients with early-onset nephrotoxicity. To limit this, we also excluded patients
meeting the definition for nephrotoxicity within the first 48 h of therapy.

There are multiple considerations to bear in mind when interpreting these findings.
Most importantly, these findings were derived from hospitalized adult patients with
confirmed or suspected bacteremia and/or pneumonia from a single health system,
potentially limiting external generalizability. We focused on patients with bacteremia or
pneumonia indication for vancomycin to generate a relatively homogenous patient
population at high risk of nephrotoxicity receiving aggressive vancomycin therapy.
Despite this, nephrotoxicity incidence remained low relative to that in some other
studies (10). A possible explanation is the exclusion of patients receiving concomitant
piperacillin-tazobactam and those with baseline renal insufficiency. Exclusion of pa-

Zasowski et al. Antimicrobial Agents and Chemotherapy

January 2018 Volume 62 Issue 1 e01684-17 aac.asm.org 6

http://aac.asm.org


tients receiving piperacillin-tazobactam was essential due to a drastic reduction in
piperacillin-tazobactam use at the Detroit Medical Center (DMC) coinciding with im-
plementation of AUC monitoring. Had these patients been included, piperacillin-
tazobactam exposure would have been more common among those monitored by
trough concentration relative to those monitored by AUC. Considering that patients
monitored by trough concentration would also have higher AUC values, the dispro-
portionate exposure to a medication known to increase the risk of vancomycin-
associated nephrotoxicity would falsely amplify nephrotoxicity differences observed
between high- and low-AUC patients (23, 24). However, it is important to recognize that
the vancomycin nephrotoxicity threshold may be different among patients receiving
piperacillin-tazobactam, so these findings may not apply to that population. It is also
important to note that although we accounted for bacteremia indication, this is not
synonymous with confirmed bacteremia, which could influence nephrotoxicity risk.
Because confirmation of bacteremia usually does not occur until after initial vancomy-
cin dosing, we expect that this distinction would not influence vancomycin exposure,
and thus, this should not substantially alter these findings. In addition, these data were
derived from vancomycin administered as intermittent infusion. Continuous infusion is
another potential approach to maximize AUC while limiting exposure and nephrotox-
icity (5). Although our findings are similar to those derived from continuous-infusion
vancomycin, these results should be applied to continuous infusion with caution (6, 25).
Finally, although serum creatinine (SCr) is the current standard for clinical diagnosis of
acute kidney injury, SCr increases can lag behind the onset of kidney damage and
glomerular filtration rate (GFR) decline by several hours (26). Future studies involving
novel urinary biomarkers or urine output may enhance precision in deriving vancomy-
cin exposure-toxicity relationships (7).

In conclusion, daily vancomycin AUC values between 600 and 800 mg · h/liter during
the first 48 h of therapy were associated with a 3- to 4-fold-increased nephrotoxicity
risk. Nephrotoxicity among patients with vancomycin exposure below this range was
uncommon. Although these data support an AUC range for vancomycin-associated
nephrotoxity rather than a single threshold, available evidence suggests that a daily
AUC limit of 700 mg · h/liter is reasonable. However, additional data addressing the
limitations of this and other published studies are needed to establish a consensus
vancomycin AUC therapeutic window.

MATERIALS AND METHODS
Study design and population. This was a retrospective, observational cohort study of hospitalized

adult patients receiving intravenous vancomycin for confirmed or suspected bacteremia or pneumonia
from January 2014 to December 2015 at the Detroit Medical Center (DMC). Patients age �18 years
receiving �72 h of intravenous vancomycin therapy with an indication of bacteremia or pneumonia
entered by the prescriber at the time of initial vancomycin order were eligible for inclusion. Patients with
a baseline serum creatinine (SCr) of �2 mg/liter, receiving renal replacement therapy during initial 96 h
of vancomycin therapy, without a vancomycin serum concentration measured during the initial 96 h of
vancomycin therapy, and those meeting the definition for vancomycin-associated nephrotoxicity during
the initial 48 h of vancomycin therapy were excluded. During the study period, the DMC switched from
trough concentration to AUC monitoring and also significantly reduced piperacillin-tazobactam use due
to a nationwide shortage and emerging evidence of its association with increased vancomycin-
associated nephrotoxicity (23, 24). To reduce the potential confounding effect of these nearly simulta-
neous clinical practice changes, patients receiving concomitant piperacillin-tazobactam were also ex-
cluded from this analysis. This study was approved by the institutional review board at Wayne State
University, and waiver of informed consent was granted.

Patient data elements and collection. Patient data, including demographics, comorbidities, med-
ication therapy, laboratory values, physiological parameters, and indication for vancomycin therapy, were
obtained from the electronic medical record by querying the organization’s business intelligence
software. Comorbidities were defined using International Classification of Disease, 9th revision, clinical
modification (ICD-9-CM) and 10th revision, clinical modification (ICD-10-CM), codes (34, 35). The degree
of patient comorbidity was quantified using the Elixhauser comorbidity index (27). Severity of illness was
quantified using the acute physiology and chronic health evaluation II (APACHE II) score using the worst
physiological parameters within 24 h of vancomycin initiation (28). Indication for vancomycin therapy
was obtained from the antibiotic indication field completed by the prescriber at the time of initial
electronic order entry. Administration dates and times of vancomycin and other potentially nephrotoxic
medications were identified from electronic barcoded medication administration records. The following
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medications or medication classes were considered potential nephrotoxins: aminoglycosides,
angiotensin-converting enzyme inhibitors, angiotensin receptor blockers, amphotericin B, calcineurin
inhibitors, i.v. contrast dye, loop diuretics, polymyxins, and vasopressors. Renal function was assessed by
SCr and creatinine clearance (CLCR) estimated by Cockcroft-Gault formula (29).

Outcome. The primary outcome was vancomycin-associated nephrotoxicity, defined as an SCr
increase of 0.5 mg/liter and 50% from baseline on two consecutive measurements from initial vanco-
mycin dose to 72 h after the last dose (9, 14).

Data analysis. In the primary analysis, the relationship between initial vancomycin concentration-
time profile and vancomycin-associated nephrotoxicity was examined. The vancomycin concentration-time
profile during the initial 48 h of therapy was estimated via the maximum a posteriori probability (MAP)
Bayesian function of ADAPT V using a previously published 2-compartment population pharmacokinetic
model as the Bayesian prior (30, 31). This approach has been validated for vancomycin AUC estimation
using trough-only sampling (1). For patients experiencing nephrotoxicity, vancomycin serum concen-
trations drawn 48 h before the definition of nephrotoxicity was met and later were excluded from
Bayesian analysis to limit bias in initial exposure profile estimation. The following vancomycin exposure
variables were then compared between patients who experienced nephrotoxicity and those who did not:
day 1 AUC (AUC0 –24), day 2 AUC (AUC24 – 48), cumulative day 1 and 2 AUC (AUC0 – 48), day 1 Cmin (Cmin24);
day 2 Cmin (Cmin48). Thresholds in the distribution of the vancomycin exposure variables where the
incidence of nephrotoxicity was most disproportionate were derived using classification and regression
tree (CART) analysis (32). The predictive performance of the vancomycin exposure variables, including the
CART-derived and other a priori defined exposure thresholds, for predicting nephrotoxicity was evalu-
ated using receiver operating characteristic (ROC) curves along with negative and positive predictive
values (NPV and PPV, respectively). The impact of the CART-derived exposure thresholds on nephrotox-
icity risk while accounting for confounding variables was quantified using Poisson regression with robust
variance estimation (33). Candidate confounding variables were entered into regression models with
each individual exposure threshold using a stepwise approach and retained in the model if the point
estimate of the effect of the exposure variable on nephrotoxicity was altered by �10% (2). Associations
between the CART-derived exposure thresholds and days to nephrotoxicity were also examined using
Cox proportional hazards regression.

All statistical tests were two-sided; P values of �0.05 were considered statistically significant.
Analyses were performed using SPSS Statistics, IBM SPSS software, version 24.0 (IBM Corp., Armonk, NY).
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