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Purpose: Vancomycin-associated acute kidney injury (VA-AKI) remains a major safety concern during treatment of serious
infections. We aimed to identify a clinically relevant vancomycin trough threshold associated with VA-AKI and to define factors
associated with renal injury in Chinese adult inpatients.

Patients and Methods: We conducted a multicenter retrospective cohort study of 2230 Chinese adult inpatients treated with
intravenous vancomycin between 2016 and 2025. VA-AKI was defined according to Kidney Disease: Improving Global Outcomes
criteria. Receiver operating characteristic analysis was used to identify the trough threshold associated with VA-AKI, and multivariable
logistic regression was performed to assess factors independently associated with VA-AKI.

Results: VA-AKI occurred in 493/2230 patients (22.1%). The trough concentration most closely associated with VA-AKI was
15.9 mg/L (AUC 0.64). Compared with troughs <10 mg/L, concentrations of 10-20 mg/L and >20 mg/L were associated with
progressively higher AKI risk. Factors independently associated with VA-AKI included contrast exposure, concomitant piperacillin-
tazobactam or cephalosporin therapy, critical illness, treatment duration >14 days, cardiac dysfunction, and baseline renal impairment.
VA-AKI was also associated with worse outcomes, including higher 60-day mortality (16% vs 4%) and greater dialysis requirement
(6% vs 2%).

Conclusion: In this large multicenter cohort, VA-AKI occurred in approximately one in five Chinese adult inpatients receiving
vancomycin. A vancomycin trough concentration of approximately 15.9 mg/L may serve as a practical threshold for early AKI risk
stratification, particularly in clinical settings where AUC-guided monitoring is not routinely available. Closer renal surveillance may

be warranted in patients with additional treatment-related or clinical risk factors.

Plain Language Summary: Vancomycin is an essential antibiotic for treating severe infections, but it can also damage the kidneys,
especially in hospitalized patients. This large multicenter study from China shows that kidney injury during vancomycin treatment is
common and linked to much worse outcomes, including higher risk of death and dialysis. Importantly, the study identifies a practical
blood concentration level above which the risk of kidney injury rises substantially, even within the range often considered acceptable
in routine care. It also highlights other common clinical factors that further increase risk, such as poor baseline kidney function, critical
illness, and use of certain combination drugs. These findings provide clinicians with clearer, more practical guidance for safer

vancomycin use and support earlier monitoring and intervention in patients at greatest risk.
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Graphical Abstract

Vancomycin-Associated Acute Kidney Injury: A Multicenter Retrospective Cohort Study
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Introduction

Vancomycin, a glycopeptide antibiotic introduced in the mid-20th century, remains the mainstay treatment for severe
infections caused by Gram-positive bacteria, especially methicillin-resistant Staphylococcus aureus." It is widely used in
hospitalized patients with sepsis, pneumonia, and osteomyelitis.z’3 The global rise of multidrug-resistant Gram-positive
bacteria has further increased the reliance on vancomycin, heightening concerns regarding its safety profile, particularly
in hospitalized patients in China, where vancomycin is commonly prescribed in tertiary care settings for severe and
complicated infections.

Acute kidney injury (AKI) is a major adverse effect of vancomycin, with reported incidence ranging from 5% to
43%.* Vancomycin-associated AKI (VA-AKI) is linked to prolonged hospitalization, increased medical costs, and
a higher risk of in-hospital mortality, dialysis requirement, and progression to chronic kidney disease.”® Given these
unfavorable outcomes, VA-AKI represents an important clinical issue in hospitalized Chinese patients receiving
vancomycin therapy. Its development is multifactorial, involving drug exposure, baseline renal function, concomitant
nephrotoxic drugs, and underlying comorbidities.”* Among these factors, drug exposure is one of the few potentially
modifiable components and therefore remains central to therapeutic drug monitoring (TDM)-guided risk reduction
strategies.’

In recent years, efforts to optimize vancomycin therapy have increasingly focused on balancing efficacy and
nephrotoxicity. Earlier practice commonly relied on trough concentration monitoring, with target trough levels often
used as a surrogate for adequate exposure.'®'" However, concerns regarding nephrotoxicity at higher trough concentra-
tions and the imperfect correlation between trough levels and total drug exposure have led to a shift in monitoring
strategies. Although current international guidelines increasingly recommend AUC/MIC-guided monitoring as the
preferred strategy for vancomycin dosing,'? the implementation of AUC-based monitoring in routine clinical practice
remains challenging. Reliable AUC estimation often depends on Bayesian software or validated pharmacokinetic tools,
standardized sampling workflows, timely laboratory support, and adequate pharmacist expertise, which may not be
uniformly available across hospitals.'*'* Consequently, trough concentration monitoring remains the most accessible and
operationally feasible strategy in many real-world settings. Therefore, in a multicenter inpatient setting in China,
identifying a pragmatic trough threshold associated with nephrotoxicity remains clinically relevant, particularly for
early risk stratification in institutions where AUC-guided monitoring has not yet been routinely implemented.
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Despite the clinical importance of VA-AKI, several important knowledge gaps remain. Most existing studies on VA-
AKI are single-center retrospective analyses, limiting generalizability and increasing susceptibility to selection bias.®'
Moreover, multicenter data from Chinese patients remain limited. Additionally, clinically relevant serum concentration
warning thresholds for predicting VA-AKI remain inadequately defined in a large, multicenter population. Therefore, we
conducted a multicenter retrospective cohort study in Chinese adult inpatients receiving vancomycin to (1) evaluate the
association between vancomycin exposure and VA-AKI, (2) identify a clinically relevant trough concentration threshold
for AKI risk stratification using receiver operating characteristic (ROC) analysis, and (3) determine independent
modifiable and non-modifiable risk factors after adjustment for major confounders. Our goal was to provide practical
evidence to support vancomycin TDM and early prevention of VA-AKI, particularly in settings where AUC-guided

monitoring is not routinely available.

Material and Methods
Study Design and Setting

We conducted a multicenter retrospective cohort study across three tertiary hospitals in China. Eligible patients who
received vancomycin between January 2016 and June 2025 were identified, and the data were retrospectively collected
and analysed in December 2025. The protocol was approved by the Medical Ethics Committee of Zhongshan Hospital,
Fudan University (B2024-451), the Ethics Committee of Zhongshan Hospital (Xiamen), Fudan University (B2025-051),
and the Ethics Committee of the Second Affiliated Hospital of Naval Medical University (2025SL058). The requirement
for informed consent was waived due to the retrospective design of this multicenter cohort study based on electronic
medical record review. Patient confidentiality was strictly maintained, all data were analyzed in a de-identified manner,
and no individually identifiable patient information is disclosed in this manuscript. Reporting follows the STROBE
guidelines.'®

Study Population

Adult patients (> 18 years) receiving intravenous vancomycin with trough concentration monitoring were eligible. Of
3092 patients initially screened, 862 were excluded for the following: non-intravenous administration (n = 17), chronic
kidney disease (CKD) stage 5 or dialysis during treatment (n = 70), nephrectomy/transplantation/solitary kidney (n = 1),
pre-existing AKI at admission (n = 275), baseline creatinine > 354 pmol/L (n = 117), incomplete creatinine data (n =
352), or insufficient vancomycin dosage or non-steady-state trough levels (n = 30). The final cohort included 2230
patients. Sample size justification: The sample size was determined by the availability of eligible patients (convenience
sampling). Post-hoc power analysis, using the observed AKI incidence (22.1%) and the primary exposure variable
(trough concentration > 15.935 mg/L; odds ratio [OR] = 2.127), demonstrated > 95% statistical power (oo = 0.05, two-
sided) to detect clinically meaningful associations. With 2230 patients, the study could accommodate up to 20 covariates
in multivariate regression following the rule of > 10 events per variable (493 AKI events/10 = 49 maximum variables).
The patient selection process and reasons for exclusion are illustrated in Figure 1.

Data Collection

Data were extracted from the electronic medical record. Variables collected included the following: Demographic data:
age, gender, body mass index (BMI); comorbidities: hypertension, diabetes, CKD (staged by eGFR using the CKD-EPI
equation), cardiac dysfunction, hyperuricemia, malignancies, and other underlying diseases; severity markers: critical
illness, cardiac surgery, multiple organ failure; laboratory parameters: baseline and serial serum creatinine, eGFR, and
serum albumin; vancomycin exposure: therapy duration, mean daily dose, cumulative dose, steady-state trough concen-
trations (measured before the next dose after 3—4 doses), time to first TDM, number of TDM sessions, and compliance
with therapeutic range (10-20 mg/L); concomitant medications: nephrotoxic agents (loop diuretics, aminoglycosides,
cephalosporins, carbapenems, piperacillin-tazobactam, contrast agents, NSAIDs, and vasopressors), immunosuppressants
(tacrolimus and cyclosporine), and renal protective agents. Because the primary objective of this study was to evaluate
vancomycin-associated nephrotoxicity rather than antimicrobial efficacy, microbiological variables such as causative
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Patients who received vancomycin with
trough concentration monitoring across
three hospital sites from January 2016 to
June 2025 (n=3092)

Exclusion Criteria : \
1. Non-intravenous vancomycin administration (n=17)

2. Chronic kidney disease stage 5 or renal replacement therapy
during vancomycin treatment (n=70)
3. Nephrectomy, renal transplantation, or solitary kidney (n=1)
4. Pre-existing renal injury upon admission (n=275)
5. Baseline creatinine 2354 ymol/L (n=117)
6. Incomplete creatinine information (n=352)
6.1 No creatinine measurement within 7 days before vancomycin
initiation (n=65)
6.2 No creatinine measurement within 7 days after vancomycin
discontinuation (n=246)
6.3 No serum creatinine measured within 7 days before and after
vancomycin treatment (n=31)
6.4 Creatinine measured within 7 days before vancomycin and
within 7 days after discontinuation, but interval 27 days (n=10)
7. Insufficient vancomycin dosage and duration, or trough
concentration not at steady state (n=30) /

Included in the
study (n=2230)

AKI
(n=493)

v 1 v v

No mortality Mortality Renal recovery Failure to
(n=415) (n=78) (n=266) recovery (n=227)

Figure | Patient Selection Flowchart.

pathogens, vancomycin susceptibility testing, minimum inhibitory concentration (MIC) values, and resistance detection
were not systematically collected for the present analysis. For the primary exposure analysis, the first available steady-
state trough concentration was used.

Outcome Definitions
Primary Outcome: VA-AKI, defined per Kidney Disease: Improving Global Outcomes (KDIGO) 2012 criteria as AKI
occurring during vancomycin therapy or within 48 h of discontinuation:'” Stage 1 (creatinine increase > 26.5 pumol/L
within 48 h or 1.5-1.9% baseline within 7 days), Stage 2 (2.0-2.9% baseline), Stage 3 (> 3.0x baseline, > 353.6 umol/L, or
renal replacement therapy (RRT) initiation). Baseline creatinine was defined as the most recent value within 7 days
before vancomyecin initiation. Urine output criteria were not applied due to incomplete data.

Secondary Outcomes: Need for RRT, 60-day all-cause mortality, length of hospital stay, and renal recovery status at
hospital discharge (full recovery: return to baseline + 26.5 umol/L; partial recovery: > 25% decrease from peak creatinine
but remaining above baseline; failure to recover: dialysis-dependent or < 25% decrease from peak creatinine).
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Statistical Analysis

The Statistical Package for the Social Sciences (version 26.0), R (version 4.4.1), and GraphPad Prism (version 9) software
were used for data analyses. Continuous variables were tested for normality using the Kolmogorov—Smirnov test and
presented as mean + standard deviation or median (interquartile range; IQR) as appropriate. Categorical variables are
expressed as frequencies (percentages). Between-group comparisons were conducted using independent #-tests or Mann—
Whitney U-tests for continuous variables, and chi-squared or Fisher’s exact tests for categorical variables. ROC curve analysis
was used to determine optimal vancomycin trough cutoff concentrations based on Youden’s index. Kaplan—Meier curves with
Log rank tests were used to assess AKI-free survival, stratified by concentration thresholds. Cox regression was used to
calculate hazard ratios. Univariate logistic regression was employed to identify potential risk factors (P < 0.1). Multivariate
logistic regression with backward stepwise elimination (elimination criterion P > 0.1) was applied to identify independent
predictors. Covariates included demographics, comorbidities, severity markers, vancomycin exposure parameters, and con-
comitant medications. Model fit was assessed using the Hosmer—Lemeshow test and multicollinearity by variance inflation
factors. Variance inflation factors (VIF < 5 was considered acceptable) were used to determine multicollinearity. Model
goodness-of-fit was evaluated using the Hosmer—Lemeshow test (P > 0.05 indicates adequate fit). Supplementary LASSO
regression was utilized to validate variable selection using 10-fold cross-validation. Missing data were handled using
complete-case analysis for variables with < 10% missingness. Variables with higher missingness (BMI) were analyzed
using available cases only, with missing data reported in table footnotes and figure legends. Little’s missing completely at
random (MCAR) test and chi-square analyses indicated that missingness was not significantly associated with AKI (BMI: P =
0.546), supporting MCAR. Multiple imputation was not performed, given the descriptive nature of these variables.

Results

Patient Characteristics
Of 3092 patients screened across three medical centers between January 2016 and June 2025, 2230 were included in the
final analysis, of whom 493 (22.1%) developed VA-AKI (Figure 1).

AKI and non-AKI groups exhibited comparable age (62.0 versus 61.0 years, P = 0.633), gender (65.3% versus 69.5%
male, P = 0.078), and BMI (22.5 versus 23.4 kg/m?, P = 0.154). Patients who developed AKI exhibited higher rates of
critical illness (41.6% versus 29.6%, P < 0.001), cardiac dysfunction (24.5% versus 17.0%, P < 0.001), and hyperur-
icemia (15.2% versus 11.5%, P = 0.025). CKD stage distribution differed significantly (P = 0.020), with more stage 2-3
patients in the AKI group. Baseline creatinine was higher (79 versus 72 umol/L, P = 0.007) and eGFR lower (83.1 versus
90.4 mL/min/1.73 m?, P < 0.001) among patients with AKI (Table 1).

Vancomycin Exposure and Concomitant Medications

Median vancomycin therapy duration was similar between groups (8.0 versus 7.0 days, P = 0.184), though therapy > 14
days was more frequent in patients with AKI (24.5% versus 18.9%, P = 0.008). Median trough concentration was
significantly higher in the AKI group (16.0 versus 12.1 mg/L, P <0.001). Stratification indicated fewer patients with AKI
with < 10 mg/L (16.0% versus 32.5%) and more with troughs > 20 mg/L (33.3% versus 16.7%, P < 0.001). Patients with
AKI underwent more TDM sessions (2.0 versus 1.0, P < 0.001).

Significant associations with concomitant medication included vasopressors (14.6% versus 9.8%, P = 0.002), loop
diuretics (43.8% versus 36.9%, P = 0.005), contrast media (3.7% versus 1.3%, P < 0.001), cephalosporins (27.4% versus
19.2%, P < 0.001), piperacillin-tazobactam (6.7% versus 4.5%, P = 0.047), and tacrolimus (4.5% versus 2.2%, P =
0.006) (Table 2).

Notably, mean daily dose distribution differed significantly between groups (P < 0.001). The AKI group exhibited
a lower proportion of patients receiving high doses (> 2 g/day; 8.5% versus 11.1%) and a higher proportion receiving low
doses (< 1 g/day; 22.4% versus 20.3%). The AKI group exhibited a lower cumulative vancomycin dose (median 10.5
versus 11.5 g, P = 0.033). This apparently paradoxical finding may reflect dose reduction in response to evolving renal

dysfunction and is discussed further below.
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Table I Comparison of Patients’ Characteristics Between Those with AKI and Those Without

Factors Total n = 2230 No AKI n = 1737 | AKI n = 493 P-Value
Demographic information

Age, y, median (IQR) 62.0 [50.0-70.0] 61.0 [50.0-70.0] 62.0 [51.0-71.0] 0.633
Gender, male, n (%) 1529 (68.6) 1207 (69.5) 322 (65.3) 0.078
BMI?, kg/m?% median (IQR) 23.2 [20.7-25.9] 23.4 [20.8-25.9] 22.5 [20.4-25.7] 0.154
Concomitant underlying diseases

Hypertension, n (%) 599 (26.9) 462 (26.6) 137 (27.8) 0.598
Diabetes Mellitus, n (%) 295 (13.2) 241 (13.9) 54 (11.0) 0.091
Dyslipidemia, n (%) 40 (2.0 35 (2.0) 5(1.0) 0.140
Hyperuricemia, n (%) 274 (12.3) 199 (11.5) 75 (15.2) 0.025
CKD staging®, n (%) 0.020

[ 1750 (78.5) 1385 (79.7) 365 (74.0)

2 359 (l6.1) 266 (15.3) 93 (18.9)

3 121 (5.4) 86 (5.0) 35(7.1)

Hepatic Insufficiency, n (%) 178 (8.0) 139 (8.0) 39 (7.9) 0.947
CAD, n (%) 275 (12.6) 219 (12.6) 56 (11.4) 0.554
Cardiac Dysfunction, n (%) 417 (18.7) 296 (17.0) 121 (24.5) < 0.001
Atrial Fibrillation, n (%) 251 (11.3) 187 (10.8) 64 (13.0) 0.169
Cerebral Infarction, n (%) 206 (9.2) 158 (9.1) 48 (9.7) 0.665
Benign Tumor, n (%) 118 (5.5) 96 (5.8) 22 (4.6) 0.338
Malignant Solid Tumor, n (%) 413 (18.5) 336 (19.3) 77 (15.6) 0.060
Hematologic Malignancy, n (%) 116 (5.2) 88 (5.1) 28 (5.7) 0.588
Severity of illness

Critically ill, n (%) 719 (32.2) 514 (29.6) 205 (41.6) < 0.001
MOF, n (%) 19 (0.9) 13 (0.7) 6(1.2) 0.318
Heart Failure, n (%) 41 (2.4) 41 (2.4) 17 3.4) 0.180
Hypoalbuminemia, n (%) 874 (39.2) 678 (39.0) 196 (39.8) 0.771
Laboratory findings

Albumin, g/L, median (IQR) 35.0 [31.0-39.0] 35.0 [32.0-39.0] 35.0 [31.0-39.0] 0.602
Creatinine, pmol/L, median (IQR) 74.0 [57.0-101.0] | 72.0 [57.0-99.0] 79.0 [57.0-115.5] | 0.007
eGFR, mL/(min-1.73 m?), median (IQR) | 89.1 [63.3—105.1] | 90.4 [65.0~105.8] 83.1 [57.6-103.11 | < 0.001

Notes: Data demonstrated as median [interquartile range] or number (percentage). The data is displayed as median (IQR) or percent. P-
value was calculated with the Mann—Whitney U-test or chi-squared test. a:1274 cases missing. b: CKD staging | as eGFR > 60 mL/
(min-1.73 m?), staging 2 as eGFR 30-60 mL/(min-1.73 m?), staging 3 as eGFR < 30 mL/(min-1.73 m?).

Abbreviations: eGFR, Estimated Glomerular Filtration Rate; MOF, Multiple Organ Failure; CAD, Coronary Artery Disease; CKD,
Chronic Kidney Disease; ALT, Alanine Aminotransferase; AST, Aspartate Aminotransferase.
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Table 2 Vancomycin Exposure and Concomitant Drugs in Patients with and without VA-AKI

No AKI n = 1737 AKl n =493 P-Value
Vancomycin exposure
Length of vancomycin therapy, d, median (IQR) 7.0 [4.5-12.0] 8.0 [4.0-13.5] 0.152
Length of vancomycin therapy, n (%) 0.006
<7 days 786 (45.3) 189 (38.3)
2 7 days and < 14 days 622 (35.8) 182 (37.1)
= |4 days 329 (18.9) 121 (24.5)
Mean daily dose, n (%) < 0.001
<lg 355 (20.3) 144 (22.4)
>land<2g 1190 (68.5) 307 (62.3)
>2g 192 (11.1) 42 (8.5)
Vss trough, n (%) < 0.001
< 10 mg/L 564 (32.5) 79 (16.0)
10-20 mg/L 883 (50.8) 250 (50.7)
> 20 mg/L 290 (16.7) 164 (33.3)
Vss trough, mg/L, median (IQR) 12.1 [8.1-17.7] 16.0 [11.2-24.0] < 0.001
Time to first monitoring, median (IQR) 2.9 [2.14.3] 2.9 [2.1-5.1] 0.058
Total vancomycin dose, g, median (IQR) 1.5 [6.5-19.5] 10.5 [5.3-19.4] 0.033
Number of TDM sessions, median (IQR) 1.0 [1.0-2.0] 2.0 [1.0-3.0] < 0.001
Compliance during hospitalization, n (%) 892 (51.4) 257 (52.1) 0.761
Concomitant medications
NSAIDs, n (%) 101 (5.8) 24 (4.9) 0.420
Vasopressors, n (%) 170 (9.8) 72 (14.6) 0.002
Loop Diuretics, n (%) 641 (36.9) 216 (43.8) 0.005
Contrast Media, n (%) 22 (1.3) 18 (3.7) < 0.001
Aminoglycosides, n (%) 20 (1.2) 4 (0.8) 0518
Colistin, n (%) 4(0.2) 4 (0.8) 0.057
Cephalosporin Antibiotics, n (%) 334 (19.2) 135 (27.4) < 0.001
First-Generation Cephalosporins, n (%) 4 (0.2) 1 (0.2) 1.000
Second-Generation Cephalosporins, n (%) 69 (4.0) 35 (7.1) 0.004
Third-Generation Cephalosporins, n (%) 232 (13.4) 95 (19.3) 0.001
Fourth-Generation Cephalosporins, n (%) 43 (2.5) 11 (22) 0.755
Carbapenems, n (%) 945 (54.4) 274 (55.6) 0.644
Piperacilina-tazobactam, n (%) 78 (4.5) 33 (6.7) 0.047

(Continued)
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Table 2 (Continued).

No AKI n = 1737 AKI n =493 P-Value
Fosfomycin, n (%) 18 (1.0) 1 (0.2) 0.076
ACEI/ARB, n (%) 147 (8.5) 46 (9.3) 0.545
PP, n (%) 1023 (58.9) 311 (63.1) 0.094
Cyclosporine, n (%) 4(0.2) 2 (0.4) 0.507
Tacrolimus, n (%) 38 (2.2) 22 (4.5) 0.006
Etamsylate, n (%) 14 (0.8) 8 (1.6) 0.105
Vitamin C, n (%) 361 (20.8) 116 (23.5) 0.189

Abbreviations: Vss trough, Vancomycin steady-state trough concentration; PPI, Proton Pump Inhibitors; ACEI, Angiotensin-
Converting Enzyme Inhibitors; ARB, Angiotensin Receptor Blockers.

Vancomycin Concentration Threshold

ROC analysis identified an optimal AUC of 0.643 (95% confidence interval [CI]: 0.615-0.670, P < 0.001) with an optimal
cutoff of 15.935 mg/L (Supplementary Figure 1). Kaplan—Meier analysis revealed that patients with a trough > 15.935 mg/L
exhibited significantly higher AKI risk (hazard ratio [HR] 2.117, 95% CI: 1.759-2.547, P < 0.001) (Figure 2A). Differences in

survival curves were apparent within the first week of therapy and persisted throughout follow-up, indicating that elevated initial

concentrations pose an early and sustained risk of kidney injury. Concentration-based stratification demonstrated dose-
dependent risk: compared to those with trough concentrations < 10 mg/L (reference), patients with levels between 10 and
20 mg/L exhibited significantly elevated AKI risk (HR 1.827, 95% CI: 1.460-2.287, P < 0.001), whereas those with
concentrations > 20 mg/L exhibited a more than threefold higher risk (HR 3.334, 95% CI: 2.574-4.317, P < 0.001). Direct
comparison between 10-20 mg/L and > 20 mg/L groups confirmed a substantial risk gradient (HR 1.824, 95% CI: 1.466-2.269,
P <0.001), supporting a concentration-dependent correlation between vancomycin exposure and nephrotoxicity (Figure 2B).

A B
100+ i <10 mg/L
<15.935 mg/L \\X : 10-20 mg/L
§ >15.935 mg/L :\5 804 - \‘::, >20 mg/L
8 g “g““ " [FETHRTY
E E 607 ™ - ,
E 1 1 ] E Ll'“t BmiLE _mILL
g g 40- T .
o o
< < HR?:1.827; P<0.001
< 20 < 209 Rroi1.824; P<0.001
HR:2.117; P<0.001 HR®:3.334; P<0.001
0 T T T T 1 0 | T | | 1
0 20 40 60 80 100 0 20 40 60 80 100
Days Days

Figure 2 Kaplan-Meier Curve for AKI-Free Survival Stratified by Vancomycin Trough Concentration.

Notes: (A) Kaplan—Meier survival analysis comparing AKl-free survival between patients with vancomycin trough concentrations < 15.935 mg/L and 2 15.935 mg/L. Patients
with concentrations 2 15.935 mg/L had a significantly higher risk of developing AKI (HR 2.117, 95% CI: 1.759-2.547, P < 0.001). The x-axis represents time in days, and the y-
axis represents the percentage of patients remaining AKl-free. (B) Kaplan—Meier survival analysis demonstrating a dose-dependent relationship between vancomycin trough
concentration and AKI risk. Patients were stratified into three groups: < 10 mg/L (reference), 10-20 mg/L, and > 20 mg/L. Compared with the < 10 mg/L group, the 10—
20 mg/L group had an increased risk (HR® 1.827, P < 0.001), while the > 20 mg/L group had the highest risk (HR® 3.334, P < 0.001). A direct comparison between 10-20 mg/L
and > 20 mg/L groups also revealed a significant difference (HR® = 1.824, P < 0.001).
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Clinical Outcomes

Patients with AKI exhibited higher dialysis requirements (6.1% versus 1.6%, P < 0.001) and 60-day mortality (15.8%
versus 3.5%, P < 0.001) (Table 3). Among patients with AKI, outcomes worsened with KDIGO stage (Stage 1: 62.9%;
Stage 2: 22.7%; Stage 3: 14.4%). Stage 3 patients exhibited the highest mortality (29.6%) and dialysis rates (23.9%).
Overall, 54.0% achieved renal recovery; however, 46.0% failed to recover, with failure rates increasing by stage (41.6%
Stage 1, 51.8% Stage 2, and 56.3% Stage 3) (Table 4).

Risk Factor Analysis

Multivariate logistic regression with backward elimination methodology was performed to identify independent pre-
dictors of VA-AKI while controlling for potential confounders. Multivariate logistic regression identified independent
VA-AKI predictors: trough concentration > 15.935 mg/L (odds ratio [OR] 2.127, 95% CI: 1.704-2.656, P < 0.001),
contrast media (OR 2.459, 95% CI: 1.250—4.838, P = 0.009), piperacillin-tazobactam (OR 1.837, 95% CI: 1.177-2.869,
P =0.007), cephalosporins (OR 1.620, 95% CI: 1.257-2.086, P < 0.001), critical illness (OR 1.712, 95% CI: 1.366—
2.144, P < 0.001), therapy >14 days (OR 1.460, 95% CI: 1.090-1.954, P = 0.011), cardiac dysfunction (OR 1.556, 95%
CI: 1.183-2.048, P = 0.002), and eGFR < 90 mL/min/1.73 m? (OR 1.299, 95% CI: 1.028-1.642, P = 0.029). Male gender
was protective (OR 0.789, 95% CI: 0.627-0.992, P = 0.042) (Table 5).

Table 3 Outcomes of Patients with and without VA-AKI

Patient outcomes Total n = 2230 | No AKI n = 1737 | AKI n = 493 | P-Value
Duration of hospital stay, d, median (IQR) | 7.5 [4.5-12.0] 7.0 [4.5-12.0] 8.0 [4.0-13.5] | 0.184
Need for Dialysis, n (%) 57 (2.6) 27 (1.6) 30 (6.1) < 0.001
60-day mortality, n (%) 137 (6.1) 60 (3.5) 78 (15.8) < 0.001

Table 4 Clinical Outcomes of Patients Classified by Different Renal Function Stages

Patient Outcomes Total Stage | Stage 2 Stage 3 P-Value
n = 493 n=310 n=112 | n=7I

60-day mortality, n (%) | 78 (15.8) | 33 (10.6) | 24 (21.4) | 21 (29.6) | < 0.001

Receive dialysis, n (%) 30 (6.1) 9 (2.9) 4 (3.6) 17 (23.9) | <o0.00l
Renal recovery, n (%) 266 (54.0) | 181 (58.4) | 54 (482) | 31 (43.7) | 0.031
Full recovery, n (%) 224 (45.5) | 159 (51.5) | 40 (35.7) | 25 (35.2) | 0.003

Failure to recover, n (%) | 227 (46.0) | 129 (41.6) | 58 (51.8) | 40 (56.3) | 0.012

Table 5 Independent Risk Factors for VA-AKI Identified by
Multivariate Logistic Regression Using Backward Elimination

Variables OR (95% CI) B p-Value
Gender 0.789 (0.627-0.992) | —0.237 | 0.042
Cardiac Dysfunction 1.556 (1.183-2.048) | 0.442 0.002
Hyperuricemia 1.331 (0.975-1.819) | 0.286 0.072
Critically ill 1.712 (1.366-2.144) | 0.537 | < 0.001
(Continued)
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Table 5 (Continued).

Variables OR (95% CI) B p-Value
eGFR < 90 mL/min/1.73 m? 1.299 (1.028-1.642) | 0.261 0.029
Length of vancomycin therapy 0.028
< 7 days (reference) 1.000

2 7 days and < |4 days 1.266 (0.988—1.623) | 0.236 | 0.062
2 14 days 1.460 (1.090-1.954) | 0.378 | 0.011
CUTOFF 15.935 2.127 (1.704-2.656) | 0.755 < 0.001
Contrast Media 2.459 (1.250-4.838) | 0.900 | 0.009
Cephalosporin Antibiotics 1.620 (1.257-2.086) | 0.482 < 0.001
Piperacillin-Tazobactam 1.837 (1.177-2.869) | 0.608 0.007
Tacrolimus 1.652 (0.932-2.928) | 0.502 | 0.086
Constant 0.102 —2.284 | <0.00I

Notably, vasopressors and loop diuretics, which were significant in univariate analysis (Supplementary Table 1), did

not remain independent predictors in the multivariate model. This suggests that their apparent associations with VA-AKI
may be mediated by the overall severity of illness rather than direct nephrotoxic effects.

We performed supplementary Least Absolute Shrinkage and Selection Operator (LASSO) regression analysis to
validate our variable selection and address potential multicollinearity (Supplementary Figure 2). The LASSO coefficient

paths confirmed the robustness of variables identified through backward elimination, with vancomycin trough concen-
tration, treatment duration, critical illness, cardiac dysfunction, and nephrotoxic medication combinations consistently

exhibiting non-zero coefficients across a range of regularization parameters.

Clinical Risk Profile for Intensified Monitoring

Patients with trough concentrations around or above 15.9 mg/L, concomitant exposure to contrast media or piperacillin-
tazobactam, and treatment duration >14 days represented a subgroup with potentially modifiable treatment-related risk. In
contrast, critically ill patients and those with baseline renal impairment or cardiac dysfunction appeared to have
heightened intrinsic vulnerability and may warrant closer renal surveillance from the outset of therapy (Supplementary
Table 2).

Discussion

This multicenter retrospective cohort study enrolled 2,230 patients receiving vancomycin therapy across multiple medical
institutions in China. We systematically evaluated the incidence, risk factors, and clinical outcomes of VA-AKI. The
overall incidence of VA-AKI was 22.1% (493/2230), with KDIGO Stage 1 accounting for 62.9%, Stage 2 for 22.7%, and
Stage 3 for 14.4%. Patients who developed AKI exhibited significantly elevated 60-day mortality (15.7% versus 3.5%,
P < 0.001), nearly quadrupled dialysis requirements (6.1% versus 1.6%, P < 0.001), and nearly half of the patients
(46.0%) failed to achieve renal recovery. These findings highlight the significant clinical impact of VA-AKI on patient
prognosis and emphasize the need for optimizing vancomycin TDM strategies and early identification of high-risk
populations. Through ROC curve analysis, we identified an optimal vancomycin trough threshold of 15.935 mg/L, and
Kaplan—Meier survival analysis confirmed a concentration-dependent nephrotoxicity risk. Multiple independent risk

factors, including baseline renal impairment, concomitant cardiac dysfunction, critical illness, concomitant nephrotoxic
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drugs (notably piperacillin/tazobactam and contrast media), and prolonged therapy duration. These results provide
evidence-based medical guidance for early prevention and intervention of VA-AKI in clinical practice.

The observed VA-AKI incidence (22.1%) is consistent with the range reported in previous literature (5%—43%),* but
significantly higher than some single-center studies.'® Heterogeneity in study populations, underlying disease severity,
TDM implementation practices, and AKI definition criteria differences contribute to this variability. In our cohort, 32.2%
of patients were critically ill, a higher proportion than many previous studies, which may partially explain the relatively
higher AKI incidence. Notably, this study represents the first large-sample, multicenter retrospective analysis of VA-AKI
in China. Additionally, this study provides detailed descriptions of the clinical characteristics of VA-AKI in the Chinese
population. We found that patients in the AKI group exhibited higher baseline creatinine levels (median 79 versus
72 umol/L) and lower eGFR (median 83.1 versus 90.4 mL/min/1.73 m?), with significantly elevated proportions of CKD
Stages 2 and 3, consistent with international literature reports.” Notably, patients with concomitant hyperuricemia (15.2%
versus 11.5%, P =0.025) and cardiac dysfunction (24.5% versus 17.0%, P < 0.001) exhibited significantly increased AKI
risk, a finding that has been less systematically reported in previous studies and may provide potential new markers for
risk stratification.

The identified optimal warning threshold for vancomycin trough concentration of 15.935 mg/L (AUC = 0.643, 95%
CI: 0.615-0.670, P < 0.001) has important clinical implications. Patients with trough concentrations >15.935 mg/L
exhibited a 2.117-fold higher risk of developing AKI compared to those below this threshold (95% CI: 1.759-2.547; P <
0.001), supporting its role as a practical early warning signal during TDM. This threshold is broadly consistent with prior
international studies reporting nephrotoxicity thresholds in the range of approximately 15-17.5 mg/L.'%'*?° Although
the 2020 IDSA guideline favors AUC/MIC-based monitoring over trough-based targets alone,’’
remains the most operationally feasible approach in many real-world settings, particularly where rapid AUC estimation

trough monitoring

is not routinely available. Our concentration-stratified analysis revealed a clear dose-response relationship. Compared
with patients with trough concentrations < 10 mg/L, the 10-20 mg/L group exhibited an 82.7% increased AKI risk (HR
1.827, P <0.001), whereas the > 20 mg/L group exhibited increased risk as high as 233.4% (HR 3.334, P < 0.001). This
gradient relationship provides strong evidence for the “higher is more dangerous” hypothesis, supporting clinicians in
achieving therapeutic goals and preventing excessive trough concentration exposure as much as possible. Additionally,
this study observed a notable phenomenon: the average daily dose in the AKI group was lower than the non-AKI group
(> 2 g/day: 8.5% versus 11.1%), and the cumulative dose was also lower (median 10.5 g versus 11.5 g). This seemingly
contradictory finding likely reflects “reverse causality” in clinical practice—physicians tend to proactively reduce doses
upon detecting renal function deterioration, rather than lower doses themselves causing AKI.

Baseline renal impairment is a major predictor of VA-AKI. Baseline median eGFR was significantly lower in the AKI
group than in the non-AKI group (83.1 versus 90.4 mL/min/1.73 m? P < 0.001), with significantly elevated proportions
of CKD stages 2 and 3 (P = 0.020). Univariate logistic regression analysis revealed that for every 1 mL/min/1.73 m?
decrease in eGFR, AKI risk increased by 0.6% (OR 0.994, 95% CI: 0.991-0.998, P = 0.001). This finding is consistent
with those of multiple previous studies.”*** Patients with impaired baseline renal function may be more susceptible to
VA-AKI because of reduced vancomycin clearance, greater drug accumulation, and diminished renal reserve.”*2°
Beyond renal function, comorbidities significantly affect VA-AKI risk. This study also demonstrated that cardiac
dysfunction increased AKI risk by 58.3% (OR 1.583, P < 0.001), attributable to insufficient renal perfusion from
reduced cardiac output, neuroendocrine activation of the renin—angiotensin—aldosterone system and sympathetic nervous
system, and venous congestion impairing tubular function.”” >’ Hyperuricemia was an independent risk factor (OR 1.387,
P = 0.025), promoting tubular injury through crystal deposition, oxidative stress, and inflammation that amplify
vancomycin nephrotoxicity.*® Critical illness status (OR 1.694, P < 0.001) reflects reduced physiological reserve, with
hemodynamic instability, multiple organ dysfunction, and cytokine storms exacerbating drug-induced nephrotoxicity.”'

Although median vancomycin treatment duration exhibited no significant difference between the AKI and non-AKI
groups (8.0 versus 7.0 days, P = 0.152), a significantly higher proportion of patients in the AKI group received treatment
for > 14 days (24.5% versus 18.9%, P = 0.006). Univariate logistic regression revealed that each additional 7 days of
treatment increased the risk of AKI by 23.5% (OR 1.235, P = 0.001). This aligns with the findings of previous studies,
which demonstrated prolonged duration as a recognized VA-AKI risk factor.**** However, extended treatment duration

Infection and Drug Resistance 2026:19 heeps: 11



Chen et al

may reflect disease severity, as patients with more severe infections and complex comorbidities are more likely to require
longer therapy, thereby increasing AKI risk. Consequently, rather than simply shortening treatment, intensive monitoring
and prevention strategies are implemented for patients requiring prolonged therapy (> 14 days).

Combining piperacillin/tazobactam (PTZ) and vancomycin significantly increases the risk of nephrotoxicity, a recent
research focus in anti-infective therapy. This study found higher AKI incidence among patients receiving PTZ combined
with vancomycin (6.7% versus 4.5%, P = 0.047, OR 1.526), with enhanced effect size after multivariate regression
controlling for confounders. This finding is consistent with previous observational studies and meta-analytic evidence
suggesting that vancomycin plus PTZ is associated with a higher AKI risk than vancomycin combined with other -

35738 although the exact mechanism remains incompletely understood.***? Clinically, this combination

lactam antibiotics,
should be used cautiously, particularly in patients with additional renal risk factors, and de-escalation or alternative
regimens should be considered when appropriate. This study also identified synergistic nephrotoxicity with other agents,
particularly contrast media (OR 2.954, P < 0.001), as well as second- and third-generation cephalosporins and tacrolimus,
warranting careful monitoring in high-risk settings.****

This study represents the first large-scale VA-AKI cohort in China (n = 2230), substantially surpassing previous
single-center investigations and enhancing generalizability. Key strengths include the following: (1) standardized data
collection utilizing uniform AKI diagnostic criteria (KDIGO 2012) across centers, thereby minimizing heterogeneity; (2)
comprehensive assessment of demographics, comorbidities, laboratory parameters, vancomycin exposure, and concomi-
tant medications, enabling identification of synergistic nephrotoxic agents (PTZ, cephalosporins, and contrast media); (3)
precise determination of the optimal trough concentration threshold (15.935 mg/L) using ROC curve analysis with
Kaplan—Meier confirmation; (4) long-term outcome assessment including 60-day mortality, dialysis requirements, and
renal function recovery, enhancing clinical relevance. These strengths improve the robustness of our findings and support
their relevance to routine inpatient care. Beyond the mechanistic interpretation of these associations, the present findings

may also have practical implications for risk stratification and monitoring during vancomycin therapy.

Clinical Implications

The present findings may help clinicians identify patients at increased risk of VA-AKI earlier in the course of
vancomycin therapy. A trough concentration around or above 15.9 mg/L, concomitant exposure to contrast media or
nephrotoxic co-therapies, and treatment duration >14 days may define treatment-related contexts in which renal risk is
potentially modifiable and closer surveillance may be warranted. In contrast, critical illness, baseline renal impairment,
and cardiac dysfunction may be interpreted as baseline vulnerability markers that support earlier initiation of intensified
monitoring. Rather than supporting a uniform intervention strategy, these findings offer a pragmatic framework for
integrating trough-based risk assessment into real-world inpatient decision-making, particularly where AUC-guided
monitoring is not routinely available. Given the retrospective design of this study, these implications should be
interpreted cautiously and require prospective validation.

Limitations

Several limitations should be acknowledged. First, the retrospective observational design introduces the possibility of
incomplete data and residual confounding, and thus precludes causal inference. Some observed associations may partly
reflect underlying illness severity or treatment complexity rather than direct drug effects alone. Second, TDM timing and
frequency were not standardized across centers, and initial steady-state trough concentrations were often obtained after
the third or fourth dose, which may have overlapped with AKI onset and thereby introduced potential reverse causality,
particularly in the interpretation of dose-related exposure variables. Third, the absence of AUC-guided monitoring
limited direct comparison with current guideline-preferred exposure targets, although trough monitoring remains the
most operationally feasible approach in many real-world settings.>'**>*¢ In addition, microbiological data, including
causative organisms, susceptibility profiles, MIC values, and resistance detection results, were not systematically
analyzed because the study focused on nephrotoxicity risk rather than antimicrobial efficacy. Fourth, because the cohort
was derived primarily from tertiary hospitals and included a substantial proportion of critically ill patients, the general-
izability of our findings to lower-acuity settings may be limited. Finally, the proposed trough threshold and risk-
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stratification framework require prospective validation before being used to support broader monitoring
recommendations.

Conclusions

In this multicenter cohort of Chinese adult inpatients, vancomycin-associated acute kidney injury was common and was
associated with worse short-term outcomes. A vancomycin trough concentration around 15.9 mg/L may serve as
a pragmatic risk reference in routine practice, particularly in settings where AUC-guided monitoring is not yet widely
implemented. When interpreted together with potentially modifiable treatment-related exposures and baseline vulner-
ability markers, these findings may help clinicians identify high-risk patients earlier and prioritize intensified therapeutic
drug monitoring and renal surveillance. Its clinical implementation, however, may require consistent therapeutic drug
monitoring workflows and timely renal monitoring. Prospective studies are needed to validate this risk-stratification
approach and to determine how it can be integrated with contemporary vancomycin monitoring strategies.
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