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Abstract

Background Patients with liver disease express multiple pathophysiological variations that alter the pharmacokinet-
ics of numerous drugs. At this time, there is insufficient evidence about the proper dosing of vancomycin in patients
with liver disease. This study aimed to assess the risk of acute kidney injury (AKI) during vancomycin therapy and iden-
tify predictors of AKl and all-cause mortality among patients with varying degrees of liver dysfunction.

Methods A retrospective cohort study was conducted including patients with chronic liver disease who used
vancomycin during hospitalization from January 2016 to January 2024 in two Saudi hospitals. Patients were grouped
by the severity of the liver disease (mild liver disease [MLD] or moderate-to-severe liver disease [MSLD] based

on the Child-Pugh score). The incidence of AKI, vancomycin mean trough level, and all-cause mortality were com-
pared between the two groups. A multivariable logistic regression model was employed to identify predictors of AKI
and mortality.

Results A total of 110 patients treated with vancomycin were included in this study (28 had MLD and 82 had MSLD).
A higher incidence of AKl in patients with MSLD than those with MLD was observed (28% vs. 14.3%, respectively;
p=0.1440), but the difference was statistically insignificant. The vancomycin mean trough levels (12.9+5.2 umol/L

vs. 10.2+4.7 umol/L, p=0.0143) and the percentage of patients with vancomycin trough level > 13.8 umol/L (35.4%
vs. 10.7%, p=0.0131) were significantly higher in the MSLD group compared to the MLD group. Having a Creatinine
Clearance (CrCl) between 15.1-29.9 ml/min (adjusted Odds ratio [aOR]: 45.5; 95% Confidence interval [Cl] 4.99-414.8),
and a vancomycin mean trough level > 13.8 pmol/L (@OR: 7.67; 95%Cl 2.49-23.63) were associated with a higher risk
of AKl development. Similarly, mortality was significantly higher in the MSLD group than in the MLD (23.2% vs. 3.6%,
respectively; p=0.0203). The risk of mortality was associated with having a body mass index (BMI) between 25-29.9
kg/m2 (sOR 6.69; 95%Cl 1.73-25.8), an albumin level < 25 g/L (@OR: 4.33; 95%Cl 1.36-13.8), and a vancomycin mean
trough level > 13.8 umol/L (@OR: 6.13; 95%Cl 1.82-20.6).
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Conclusion Patients who had MSLD had a higher trough vancomycin levels and mortality than patients who had
MLD; and this risk increases as liver disease progresses. Thus, the existence of chronic liver disease should be consid-
ered when monitoring toxicity from vancomycin to minimize the risk of adverse outcomes and mortality. Larger stud-
ies are needed to closely quantify the risk of vancomycin toxicity among patients with chronic liver disease.

Keywords Vancomycin, Vancomycin trough level, Toxicity, Liver disease, Creatinine clearance, Acute kidney injury,

Introduction
Vancomycin is a glycopeptide antibiotic that was first
discovered in 1953 [1]. It exhibits bactericidal activ-
ity by disrupting bacterial cell wall synthesis through
interference with the polymerization of peptidoglycans
[2]. Thus, it is used to treat gram-positive severe infec-
tions caused by bacteria resistant to other antibiotics,
such as methicillin-resistant staphylococci. Histori-
cally, impurities in the initial formulations of vanco-
mycin were predominantly associated with many safety
issues, especially nephrotoxicity. Nevertheless, despite
the advancement of refined formulations, the incidence
of nephrotoxicity can range from 5 to 43% depending
on accompanying risk factors: overdose and higher
trough concentrations greater than 10.35 pmol/L,
chronic kidney disease, obesity, dehydration, and use
of other nephrotoxic medications as aminoglycosides
[1, 3]. Vancomycin has a narrow therapeutic index and
requires therapeutic drug monitoring during adminis-
tration [2]. The most accurate method for dosing and
monitoring vancomycin is by the area under the curve
to minimum inhibitory concentration (AUC: MIC)
ratio. The recommended AUC: MIC ratio target is 400
to 600 mg*hr/ L [4]. However, due to practicality issues,
many institutions use serum vancomycin trough con-
centrations and target trough concentrations between
10.35 and 13.8 pumol/L for serious infections as a sub-
stitute for the optimal vancomycin AUC: MIC ratio [4].
The liver is the primary organ in the body for metab-
olism and detoxification. Hence, liver disease causes
multiple pathophysiological changes that alter the phar-
macokinetics of several drugs [5, 6]. Furthermore, due to
the reduced muscle mass and compromised enzymatic
metabolism of creatine to creatinine in many patients
with severe hepatic disease, estimates of creatinine clear-
ance (CrCl) based on serum creatinine (Scr) measures
(e.g., Cockroft-Gault method) are frequently misleading
and overestimated [7]. For this reason, dosage adjust-
ments are necessary, not only in drugs that are exten-
sively hepatically metabolized but may also be advised for
renally-cleared drugs such as vancomycin [5, 8]. Addi-
tionally, patients with cirrhosis, the last stage of chronic
liver disease, are more prone to developing acute kidney
injury (AKI) than those without [9, 10].

Currently, knowledge about how to adjust vancomycin
doses in patients with liver disease is scarce. Brown et al.
investigated the effects of liver damage on vancomycin
pharmacokinetics in 15 cancer patients. They found that
patients with poor hepatic function had a much longer
half-life and lower vancomycin clearance than patients
with normal hepatic function [11]. Moreover, individu-
als with severe hypoalbuminemia have a longer half-life
for vancomycin and a higher rate of nephrotoxicity [12].
These findings suggest that hypoalbuminemia in severe
liver disease can affect the concentration of vancomycin
unbound free form and lengthen its half-life.

To look for the influence of chronic liver disease in
patients treated with vancomycin on the risk of nephro-
toxicity, Brunetti et al. conducted a retrospective cohort
study involving more than 400 patients. They noticed a
significantly higher incidence of supratherapeutic van-
comycin exposure among patients with moderate to
severe liver dysfunction (MSLD) compared to patients
with no to mild liver dysfunction (NMLD). Furthermore,
AKI developed more frequently in patients with MSLD,
although the difference was not statistically significant
[13].

Renal function is often considered when choosing a
vancomycin dosing strategy; nevertheless, liver function
is rarely counted. The influence of renal function on van-
comycin pharmacokinetics has been extensively stud-
ied. On the other hand, little is known about the role of
hepatic dysfunction on vancomycin pharmacokinetics
[7, 11, 13-16]. The current manufacturer’s labeling does
not recommend any dosage adjustment for vancomycin
in patients with hepatic impairment [17]. Therefore, this
study aims to assess the incidence and identify predictors
of AKI and all-cause mortality in patients with varying
degrees of liver dysfunction during vancomycin therapy.

Methods

Study design, population and settings

This was a retrospective cohort study conducted at the
hepatology ward and internal medicine general wards
in two centers in Saudi Arabia: King Abdulaziz Medical
City (KAMC) in Riyadh and King Fahad Medical City
(KFMC) in Riyadh, Saudi Arabia. We included patients
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with a documented diagnosis of chronic liver disease who
were > 18 years old, received vancomycin IV therapy of at
least two days, had stable kidney function upon admis-
sion with a baseline CrCl>15 ml/min (calculated using
the Cockroft-Gault equation) [8], and had a vancomycin
trough concentration obtained at steady state. Patients
who had liver transplant, critical illness (e.g. shock, dis-
seminated intravascular coagulation), burn injuries, or
pregnancy were excluded from the study. Study approval
was granted by the Institutional Review Boards at KAMC
(IRB: 1755/23) and KFMC (IRB: 24-015).

Data collection methods, instruments used,

and measurements

We performed a retrospective chart review of patients
with chronic liver disease who used vancomycin during
hospitalization from January 2016 to January 2024. All
patients were screened according to the inclusion and
exclusion criteria and grouped based on the severity of
their liver disease into patients with mild liver disease
(MLD) or moderate to severe liver disease (MSLD). The
severity of liver dysfunction was based on the Child—
Pugh score (Child—Pugh score <6: mild [A]; Child—Pugh
score 7—9: moderate [B]; Child—Pugh score 10-15: severe
[C]) [8].

All data for the included cohort were extracted retro-
spectively from the electronic health records. Extracted
data included demographic characteristics [age, weight,
height, body mass index (BMI), and gender], comorbidi-
ties were assessed and scored according to the Charlson
Comorbidity Index (CCI) [18], the etiology of the liver
disease, Child—Pugh scores, infection type, lab param-
eters [albumin, alanine transaminase (ALT), aspartate
aminotransferase (AST), total bilirubin, international
normalized ratio (INR), serum creatinine (Scr), and blood
urea nitrogen (BUN)], vancomycin dosing and duration
of use, vancomycin mean trough levels, concomitant use
of other nephrotoxic medications, and mortality during
admission.

Study outcomes

The primary outcome was the incidence of AKI during
vancomycin therapy in patients with MLD compared
to patients with MSLD. AKI was defined according
to the Kidney Disease Improving Global Outcomes
(KDIGO) guidelines as “an increase in Scr by>0.3 mg/
dL (>26.5 pmol/L) within 48 h, or an increase in Scr
to>1.5 times baseline, which is known or presumed to
have occurred within the prior seven days, or a urine vol-
ume < 0.5 mL/kg/hour for six hours” [19]. Secondary out-
comes included mortality rate, mean vancomycin trough
level during treatment, proportion of patients with a
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vancomycin trough level >13.8 umol/L, and series of Scr
levels, BUN levels, and CrCl during vancomycin therapy;,
as well as predictors of AKI and mortality.

Statistical analysis

Continuous data were presented using means with stand-
ard deviations (+SD), and categorical data were pre-
sented using frequencies with percentages. For normally
distributed continuous variables, the Student’s t-test was
used, and for non-normally distributed continuous vari-
ables, the Mann—Whitney test was used. The chi-square
test or Fishers’ exact test was used, as appropriate, to
compare categorical variables. Univariable and back-
ward-stepwise multivariable analysis of the predictors of
AKI and mortality were performed using logistic regres-
sion models that were built with severity of liver dysfunc-
tion, gender, total maintenance daily dose of vancomycin,
age, BMI, CCI, Child—Pugh score, CrCl, albumin level,
concomitant use of nephrotoxins, mean vancomycin
trough level. The findings of the logistic regression were
presented using odds ratios (ORs) and adjusted odds
ratios (aORs) with 95% confidence intervals (CIs).

In a secondary analysis, Scr, CrCl, and BUN outcomes
were measured daily and analyzed using longitudi-
nal Bayesian proportional odds models with first-order
Markov state transitions. The goal of this model is to
understand the effect of liver disease severity on patients
receiving vancomycin for these variables. Such mod-
els can capture the transition of outcomes over days as
they model the previous readings of the outcomes. This
is useful for serial time trends and serial correlation pat-
terns as it accounts for the correlation structure [20].
Among many reasons, the model was chosen over the
regular ANOVA for repeated measures because the dis-
tributional assumptions were not met in our case due
to the small sample size, the nature of the variable, and
existence of outliers. Markov state transition models
and proportional odds models are robust to the distri-
butional shape of outcomes, making them more appeal-
ing and flexible for analysis. Covariates in the model
included previous outcome values, Child—Pugh score
categories (A, B, and C), mean vancomycin trough lev-
els, age, nephrotoxic drug exposure, CCI, and the num-
ber of follow-up days. Eight days of follow-up data on Scr,
CrCl, and BUN were included as the dependent outcome
variables. An interaction term between the number of
days and the Child-Pugh score categories was included
to assess temporal effects. The rmsb package in R was
used to fit all models [21]. Restricted cubic splines with
three knots were applied to model continuous variables
flexibly. Default priors were used. Diagnostic evalua-
tions, including trace plots and summaries of the Markov
chain Monte Carlo (MCMC) sampling of the posterior
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distribution, were conducted. The interpretation of the
individual parameters from such models can be chal-
lenging, therefore visualization of the estimates is neces-
sary [20]. In each model, we presented the partial effects
plots and the relative explained variation (REV), which is
defined as the proportion of variance in outcome (Y) that
can explained by a subset of covariate (X). In Bayesian
models, P-values are not calculated; instead, estimates
are derived from the posterior distribution, and uncer-
tainties are expressed with 95% credible intervals (ClIs).
Data were analyzed using the SAS software, version 9.4
(SAS Institute Inc., Cary, NC, USA) and R software (R
Foundation for Statistical Computing, Version 4.0.1,
Vienna, Austria).

Results

A total of 1,322 patients were screened for the study, of
whom 110 met the inclusion criteria (Figure S1). Among
these, 82 patients had MSLD, while 28 had MLD. The
mean age was 59.5+17.4 years in the MLD group and
64.7 £17.8 years in the MSLD group. The mean CCI was
higher in the MSLD group than the MLD group (6.0 + 2.4
vs. 4.4+2.7, respectively). The most common primary
etiology of liver disease in the MLD group was hepatitis
C virus (39.3%), whereas fatty liver disease and non-alco-
holic steatohepatitis (NASH) were predominant in the
MSLD group (24.4%). Bacteremia was the most prevalent
infection type in both groups affecting 37.3% of patients.
Most patients received at least one concomitant nephro-
toxic medication with vancomycin (96.4% in the MLD
group and 86.6% in the MSLD group). The mean baseline
CrCl was comparable between the groups (82.7+33.0 in
MLD vs. 81.3+48.7 ml/min in MSLD) while the albu-
min levels were lower in the MSLD group than the MLD
group (25.9+5.3 g/L vs. 36.9+10.0 g/L, respectively).
Baseline characteristics, stratified by liver disease sever-
ity, are detailed in Table 1.

Although the incidence of AKI was numerically higher
in the MSLD group compared to the MLD group (28.0%
vs. 14.3%), this difference did not reach statistical sig-
nificance (p=0.1440). Mortality was significantly higher
in the MSLD group compared to the MLD group (23.2%
vs. 3.6%; p=0.0203). The mean vancomycin trough level
was significantly elevated in the MSLD group than in the
MLD group (12.9+5.2 vs. 10.2+4.7 pmol/L, p=0.0143).
Additionally, a higher proportion of MSLD patients had
a mean vancomycin trough level of>13.8 umol/L com-
pared to the MLD group (35.4% vs. 10.7%, p=0.0131)
(Table 2).

Logistic regression analysis was conducted to assess
predictors of AKI development. In the univariable model,
Child—Pugh category C (OR 4.00; 95%CI 1.06-15.08),
vancomycin mean trough level>13.8 pmol/L (OR 4.85;
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95%CI 1.92—-12.27), baseline CrCl between 30 and 59.9
ml/min (OR 4.06, 95%CI 1.14—14.48) and baseline CrCl
between 15.1 and 29.9 ml/min (OR 19.4, 95% CI 2.78 —
135.2) were associated with a higher risk of developing
AKI. However, in the multivariable logistic regression
model, only a baseline CrClI between 15.1 to 29.9 ml/min
(aOR 45.5; 95%CI 4.99-414.8) and vancomycin mean
trough level >13.8 pmol/L (aOR 7.67; 95%CI 2.49-23.63)
remained statistically significant (Table 3).

Predictors of mortality were also assessed in univari-
able and multivariable logistic regression analyses. In the
multivariable model, patients with a BMI between 25 and
29.9 kg/m? had a higher mortality rate (aOR 6.69; 95%CI
1.73-25.8) compared to those with a BMI less than 25 kg/
m?. An albumin level of<25 g/L was significantly asso-
ciated with a higher risk of mortality (aOR 4.33; 95%CI
1.36—13.8). Lastly, a mean vancomycin trough level >13.8
umol/L was significantly associated with increased mor-
tality (aOR 6.13; 95% CI 1.82-20.6) (Table 4).

In the secondary analysis, patients were further strati-
fied according to their Child—Pugh scores: 28 patients
were classified in Child—Pugh A (mild), 57 in Child-
Pugh B (moderate), and 25 in Child—Pugh C (severe).
The interaction of Child—Pugh score categories with time
for the Scr outcome was shown in Fig. 1A. The credible
intervals overlapped. The figure depicts a non-linear rela-
tionship between the Scr outcome and the liver disease
categories. Patients in category C had higher log odds of
the outcome in the first two days indicating potentially
higher Scr levels. Compared to Child—Pugh category A
(mild liver disease), the mean Scr f3 coefficient for Child—
Pugh category B (moderate liver disease) increased by
1.6% (95% CI -0.65 — 3.89). Similarly, the mean Scr S
coefficient for the Child—Pugh category C (severe liver
disease) increased by 3.7% (95% CI 0.81 — 6.6). The esti-
mated differences in mean Scr over time for category A
vs. B, A vs. C, and B vs. C were illustrated in Fig. 2 (Pan-
els A to D). The coefficient for the Scr outcome from
the Bayesian proportional odds model were presented
in Table S1 of the supplementary material. The relative
explained variation (REV) for the model revealed that the
variable that explained most of the variations in the out-
come was previous Scr readings, followed by day num-
ber, mean trough level, and Child—Pugh score (Figure
§2). Partial plots of the linear predictors in the log odds
scale depicted the model estimates more efficiently. Most
of the linear predictors were flat in their relationship with
the outcome except for the previous Scr readings indicat-
ing little evidence of effects over time for the other vari-
ables (Figure S3).

For the CrCl outcome, the interaction of Child—
Pugh score categories with time was shown in Fig. 1B.
Patients in category C had lower log odds of the
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Table 1 Baseline characteristics based on level of liver dysfunction
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Variables Severity of the liver disease
Mild Moderate to severe
Number of patients 28 82
Age (years) 505+174 64.7+£178
Female 13 (46.4) 39 (47.6)
Body Mass Index (kg/m?) 287+100 266+79
Charlson Comorbidity Index 44+27 6.0+24
Child-Pugh Score 55+05 91+18
Comorbid conditions
Diabetes 13 (46.4) 41 (50)
Hypertension 18 (64.3) 38 (46.3)
Cancer 6(21.4) 17 (20.7)
Solid tumor 1(3.6) 11(13.4)
Localized 1(3.6) 6(7.3)
Metastasized 0(0.0) 5(6.1)
Hematologic 5(17.8) 6 (7.4)
Leukemia 2(7.1) 3(3.7)
Lymphoma 3(10.7) 3(3.7)
Cerebrovascular accident or transient ischemic attacks 1(3.6) 6(7.3)
Asthma 4(14.3) 5(6.1)
Dementia 1(3.6) 5(6.1)
Myocardial infarction 3(10.7) 449
Congestive heart failure 3(10.7) 3(3.7)
Chronic Obstructive pulmonary disease 0(0.0) 2(24)
Rheumatic or connective tissue disease 0(0.0) 2(24)
Ulcer disease 0 (0.0) 2(24)
Chronic kidney disease (moderate to severe) 2(7.1) 1(1.2)
Peripheral vascular disease 1(3.6) 101.2)
Documented etiology for liver disease
Fatty Liver and NASH 4(14.3) 20 (24.4)
Hepatitis C Virus 11 (39.3) 13 (15.9)
Hepatocellular carcinoma 2(7.1) 11(13.4)
Hepatitis B Virus 5(17.9) 7 (8.5)
Portal Vein Thrombosis 2(7.1) 6(7.3)
Autoimmune hepatitis 0(0.0) 449
Alcoholic liver disease 0(0.0) 2(24)
Budd-Chiari Syndrome 0(0.0) 2(24)
Primary sclerosing cholangitis 0(0.0) 2(24)
Drug Induced Liver Disease 0(0.0) 1(1.2)
Hemochromatosis 0(0.0) 1(1.2)
Schistosomiasis 0(0.0) 101.2)
Others 4(14.3) 12 (14.6)
Type of infection
Bacteremia 9(32.1) 32(39.0)
Urinary 6(214) 19(23.2)
Respiratory 4(14.3) 15(18.3)
Skin or soft tissue 7 (25.0) 10(12.2)
Intra-abdominal 13.6) 10(12.2)
Skeletal 0(0.0) 2(24)
Central nervous system 1(3.6) 1(1.2)
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Table 1 (continued)
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Variables Severity of the liver disease
Mild Moderate to severe
Concomitant nephrotoxins 27 (96.4) 71 (86.6)
Beta-lactam 21 (75.0) 58(70.7)
Loop diuretic 5(17.9 30 (36.6)
NSAID 3(10.7) 3(37)
ARB 2(7.1) 4(49)
Quinolone 1(3.6) 4(4.9)
Acyclovir 1(3.6) 4(4.9)
Aminoglycoside 13.6) 3(3.7)
Radiocontrast agent 1(3.6) 3(3.7)
ACEI 2(7.0) 1(1.2)
Amphotericin B 0(0.0) 2(24)
Sulfonamide 0 (0.0) 2(24)
Tenofovir 13.6) 101.2)
Valganciclovir 0(0.0) 1(1.2)
Cisplatin 0 (0.0) 101.2)
Laboratory values at baseline
Scr (umol/L) 785+456 80.2+82.7
CrCl (ml/min) 82.7+33.0 81.3+487
BUN, mean +SD (mmol/L) 484272 73+48
Albumin (g/L) 3694100 259453
Albumin level (g/L)
>35 14 (50.0) 3(3.7)
28-35 14 (50.0) 27 (32.9)
<28 0(0.0) 52(634)
Vancomycin dosing
Loading dose given 0(0.0) 4(4.9)
Loading dose (mg) — 1687.5+6884
Total maintenance daily dose (mg)
500 to 1000 5(17.9) 19(23.2)
1001 to 2000 20 (71.4) 53 (64.6)
2001 to 3000 3(10.7) 10(12.2)
Dosing frequency
Every 8 h 4(14.3) 3(3.7)
Every 12 h 18 (64.3) 70 (854)
Every 24 h 6(21.4) 9(11.0)

Numbers are presented as frequency with (%) or mean + Standard deviation

Abbreviations: SD standard deviation, NASH nonalcoholic steatohepatitis, CrCl creatinine clearance, Scr serum creatinine, BUN blood urea nitrogen, NSAID nonsteroidal
anti-inflammatory drug, ACEl angiotensin-converting enzyme inhibitor, ARB angiotensin receptor blocker

Table 2 Clinical outcomes by level of liver dysfunction

Variables Severity of the liver disease p-value
Mild (n=28) Moderate to severe (n=2382)

Acute kidney injury 4(14.3) 23 (28.0) 0.1440

Mortality 1(3.6) 19 (23.2) 0.0203

Vancomycin mean trough level (umol/L) 102+4.7 129+52 0.0143

Vancomycin mean trough level > 13.8 umol/L 3(10.7) 29 (354) 0.0131

Numbers are presented as frequency with (%) or mean + Standard deviation
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Table 3 Univariable and multivariable logistic regression model to assess factors associated with acute kidney injury
Variable Acute kidney injury OR (95% CI)? aOR (95% Cl)®
Liver dysfunction
Mild 4(14.3) Reference Reference
Moderate to severe 23 (28.0) 2.34(0.73 - 7.48)
Gender
Male 14 (24.1) Reference Reference
Female 13 (25.0) 1.05 (044 - 2.50) 041(0.13-1.28)
Total maintenance daily dose of vancomycin
500 to 1000 mg 6 (25.0) Reference Reference
1001 to 2000 mg 17 (23.3) 0.91(0.31 - 2.66)
2001 to 3000 mg 4(30.8) 1.33(0.30-5.96) -
Age, years
18 - 64 years 10(18.9) Reference Reference
>65 17 (29.8) 1.82(0.75 - 4.46) -—-
Body mass index, kg/m?
<25 11(21.2) Reference Reference
25-299 5(18.5) 0.85 (0.26 - 2.75)
>30 11 (35.5) 2.05(0.76 - 5.53) -
Charlson comorbidity index
<4 5(19.2) Reference Reference
>4 22 (26.2) 149 (0.50 — 4.43) -—-
Child-Pugh Score
Mild (A):<6 4(14.3) Reference Reference
Moderate (B): 7 -9 13(22.8) 1.77 (0.52 - 6.04)
Severe (C): 10-15 10 (40.0) 4.00(1.06 - 15.08) -
CrCl, ml/min
>90 4(11.4) Reference Reference
60 -89.9 7(19.4) 1.87 (0.50 - 7.06) 132(031-564)
30-599 11(344) 4.06 (1.14 - 14.48) 2.97(0.73 -12.09)
15.1-299 5(71.4) 19.4(2.78 - 135.2) 45.5(4.99 - 414.8)
Albumin level, g/L
>25 9(27.3) Reference Reference
<25 18 (23.4) 1.23(049-3.12) -
Concomitant use of nephrotoxins
No concomitant nephrotoxins 2(16.7) Reference Reference
Use of concomitant nephrotoxins 25 (25.5) 1.71(0.35 - 8.35) 7.80(0.82 - 74.5)
Vancomycin mean trough level, umol/L
<138 12 (154) Reference Reference
>138 15 (46.9) 4.85(1.92-12.27) 7.67 (2.49 - 23.63)

Abbreviations: 95%Cl 95% confidence interval, CrC/ creatinine clearance

2The OR is from the univariate logistic regression

b The aORs are the adjusted odds ratio from the backward-stepwise multivariable logistic regression model including patient characteristics in the table

outcome in the first two days indicating potentially
lower CrCl; however, all the credible intervals crossed
the 0 log odds. Compared to Child-Pugh category
A (mild liver disease), the mean CrCl f coefficient
for Child—Pugh category B (moderate liver disease)
decreased by -0.67% (95% CI -2.90 — 1.5). Similarly, the
mean CrCl f3 coefficients for the Child—Pugh category

C (severe liver disease) decreased by -2.5% (95% CI
-5.5 — 0.4). Figure 3 (Panel A to D) presented esti-
mates for the differences in CrCl means for category A
vs. B, A vs. C, and B vs. C. The coefficients from the
Bayesian proportional odds model were presented in
Table S2 of the supplementary material. The REV for
the model revealed the variable explaining most of the
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Table 4 Univariate and multivariable logistic regression model to assess factors associated with mortality
Variable Mortaltiy OR" (95% CI) aOR™ (95% Cl)
Liver dysfunction
Mild 1(3.6) Reference Reference
Moderate to severe 19(23.2) 8.14 (1.04 - 63.91) -
Gender
Male 13(22.4) Reference Reference
Female 7(13.5) 0.54 (0.20 - 1.48) -
Total maintenance daily dose of vancomycin
500 to 1000 mg 4(16.7) Reference Reference
1001 to 2000 mg 14(19.2) 1.19(0.35 - 4.03) -
2001 to 3000 mg 2(15.4) 091 (0.14-5.78) -
Age, years
18—64 years 8(15.1) Reference Reference
>65 12(21.1) 1.50 (0.56 — 4.02) -
Body mass index, kg/m?
<25 7 (13.5) Reference Reference
25-299 10(37.0) 3.78(1.24-11.54) 6.69 (1.73 - 25.8)
>30 3(9.7) 0.69 (0.16 - 2.89) 0.75(0.16 - 3.52)
Charlson comorbidity index
<4 3(11.5) Reference Reference
>4 17 (20.2) 1.94(0.52 - 7.25) -—-
Child-Pugh Score
Mild (A):<6 1(3.6) Reference Reference
Moderate (B): 7 -9 11(19.3) 646 (0.79 - 52.78) -
Severe (C): 10-15 8(32.0) 12.70(1.46-110.7) -
CrCl, ml/min
>90 5(14.3) Reference Reference
60 -89.9 4(11.1) 0.75(0.18 - 3.06) -
30-599 10(31.3) 2.73(082-9.11) -
15.1-299 1(14.3) 1.00 (0.10-10.17) -
Albumin level, g/L
>25 11(33.3) Reference Reference
<25 9(11.7) 3.78(1.39-10.3) 4.33(1.36-13.8)
Concomitant use of nephrotoxins
No concomitant nephrotoxins 3(25.0) Reference Reference
Use of concomitant nephrotoxins 17 (17.3) 0.63 (0.15-2.57) -
Vancomycin mean trough level, umol/L
<138 9(11.5) Reference Reference
>138 11(344) 4.02(1.47-11.0) 6.13 (1.82-20.6)

Abbreviations: 95%Cl 95% confidence interval, CrC/ creatinine clearance

“The OR is from the univariate logistic regression

"The aORs are the adjusted odds ratio from the backward-stepwise multivariable logistic regression model including patient characteristics in the table

variations in the outcome was previous CrCl readings,
followed by mean trough levels, age, number of days,
and Child-Pugh score category (Figure S4). The partial
effects plots for linear predictors in the log odds scale
depicted the model estimates more efficiently (Figure

S5). Most of the linear predictors were flat in predicting
the outcome results except for previous CrCl readings.
For the BUN outcome, the interaction of Child—Pugh
score categories with time were shown in Fig. 1C. Com-
pared to Child—Pugh category A (mild liver disease),
the mean BUN S coefficient or Child-Pugh category B
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(moderate liver disease) increased by 0.05% (95% CI -2.19
— 2.41). Similarly, the mean BUN p coefficient for the
Child—Pugh category C (severe liver disease) increased
by 0.96% (95%CI -1.80 — 4.1). Figure 4 (Panel A to D) pre-
sented estimates for the differences in BUN means for
category A vs. B, A vs. C, and B vs. C.. The coefficients
from the Bayesian proportional odds model were pre-
sented in Table S3 of the supplementary material. The
REV for the model revealed that that the variable explain-
ing most of the variations in the outcome was previous
BUN readings, followed by day number, trough levels,
and Child—Pugh score category (Figure S6). Figure S7
showed the linear predictors in the log odds scale; many
of these relationships were flat and the impact of previ-
ous BUN results was the strongest predictor for the next
BUN.

Discussion

The study highlights the relationship between liver dys-
function and the risk of AKI in patients on vancomycin.
The incidence of AKI was numerically higher in patients
with MSLD than in those with MLD. Even though this
increase in AKI did not reach statistical significance,
similar to a previous study, this difference warrants atten-
tion as it suggests a possible connection to vancomycin-
induced nephrotoxicity in patients with compromised
liver function [11, 13]. On the other hand, there was a
statistically significant increase in mean vancomycin
trough levels in the MSLD group than the MLD group.
In addition, there was a significant increase in the num-
ber of patients with vancomycin mean trough level >13.8
pumol/L in the MSLD group than in the MLD group.
These two findings might explain the increased incidence
of AKI in the patients with MSLD.

Our study highlights several factors that contribute
to the higher incidence of AKI. These factors, derived
from the main multivariable regression models, include
lower baseline CrCl (baseline CrCl between 15.1 and 29.9
ml/min) and mean vancomycin trough level above 13.8
pumol/L. Furthermore, the Bayesian proportional odds
model analysis provided additional insights, revealing

(See figure on next page.)
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an association between liver disease severity and renal
outcomes over time. Patients with severe liver disease
(Child—Pugh C) exhibited a notable increase in Scr com-
pared to those with mild disease (Child—Pugh A) in the
first two days. This suggests that severe liver disease is
strongly linked to impaired renal function. However, the
contrast between the two means followed a non-linear
trend with a small bump in Scr for the mild group in days
4 and 5. The relative explained variation (REV) indicated
that previous Scr readings were the primary driver of the
outcome, underscoring the importance of baseline renal
function. Additionally, the model showed a decline in Scr
and BUN clearance as liver disease progressed, particu-
larly in the severe category (Child—Pugh C). This rein-
forces the understanding that worsening liver function is
associated with reduced renal filtration capacity.

Another key factor affecting vancomycin pharmacoki-
netics in patients with liver dysfunction is hypoalbu-
minemia, which is commonly associated with advanced
liver disease. Albumin binds to drugs and regulates the
amount of free drug available for action. Hypoalbu-
minemia can increase the free fraction of vancomy-
cin in the blood, leading to higher levels of active drug,
which increases the risk of nephrotoxicity. Mizuno et al.
demonstrated that severe hypoalbuminemia in elderly
patients significantly prolonged vancomycin’s half-life,
thereby increasing the likelihood of its nephrotoxicity
[12]. In our cohort with liver disease, we found compa-
rable results as hypoalbuminemia was more prevalent
among patients with MSLD. An albumin level below 25
g/L was associated with higher AKI incidence compared
to patients with higher albumin levels.

In addition to pharmacokinetic considerations, the
pathophysiology of liver dysfunction may also directly
increase the risk of AKI. Hepatorenal syndrome (HRS),
a condition characterized by the development of renal
failure in patients with severe liver disease, is a well-
recognized complication that may exacerbate the
nephrotoxic effects of vancomycin [22]. Although our
study did not specifically investigate HRS, its pres-
ence in patients with advanced liver disease could

Fig. 1 Child Pugh Score Categories Across Time for Scr, CrCl and BUN Outcomes. A Child Pugh score categories across time for the Scr outcome.
Patients in the category C had higher log odds of the outcomes in the first 2 days. Category A had lower log odds of the outcomes; however, there
was a non-linear relationship as patients progressing over time. Estimates were derived from longitudinal Bayesian proportional odds models

with first order Markov state transitions to capture the correlation structure. B Child Pugh score categories across time for the CrCl outcome.
Patients in the category C had lower log odds of the outcomes in the first 2 days. Category A had higher log odds of the outcomes; however, there
was a non-linear relationship as patients progressing over time. Estimates were derived from longitudinal Bayesian proportional odds models

with first order Markov state transitions to capture the correlation structure. C Child Pugh score categories across time for the BUN outcome.
Patients in the category B had lower log odds of the outcomes in the first 2 days. Category C had higher log odds of the outcomes; however, these
relationships were non-linear. Estimates were derived from longitudinal Bayesian proportional odds models with first order Markov state transitions

to capture the correlation structure



Bamogaddam et al. BMC Infectious Diseases (2025) 25:375 Page 10 of 15

4-
2-
Child-Pugh Score category
7]
3 — Mild (A)
<]
g> o ~— Moderate (B)
- ~—— Severe (C)
2=
' p ' 8
Day Number
Adjusted to:Previous_Scr=69 nephrotoxi=1 age=64 trough_level=12.26 cci=4
2-
Child-Pugh Score category
L2}
3 — Mild (A)
S 0-
2 ~—— Moderate (B)
- —— Severe (C)

0~

4
Day Number
Adjusted to:Previous_CrCI=72.52 nephrotoxi=1 age=64 trough_level=12.26 cci=4

Child-Pugh Score category

— Mild (A)
~—— Moderate (B)

log odds

—— Severe (C)

4 6

[
0 -

Day Number
_BUN=5.8 nephrotoxi=1 age=64 trough_level=12.26 cci=4
Fig. 1 (Seelegend on previous page.)



Bamogaddam et al. BMC Infectious Diseases (2025) 25:375 Page 11 of 15

Panel 24 o rior Mean and 95% HPD for Mild, Moderate, and Severe Categories
™
§ s Category
2 @ Getegory A (i)
s @ Category B (Moderate)
B @ Category C (Sovere)
o
2 . s s
Days
Panel 2B Panel 2C
8
5 g
s 5
H
£ §
-~ =
H H
£ g o
2 2
5 g
z 3
- [
3 7 : 3 3 i : 5
Days Days
) Log odds | 95%CI for log Posterior Mean | 95%CI for Posterior Log odds | 95%CI for log Posterior Mean | 95%CI for Posterior
Comparison | Day | Conrast | odds of Contrast | P¥ (COMraS0) | pigrerence | Mean Difference Comparison | Day | conirast | odds of Contrast | PFCOMr8&0) | ““hirerence | Mean Difference
Mild vs Moderate 1 -0.90 2.43-058 0.1288 324 849245 Mild vs Severe 1 234 431--042 0.0095 -9.93 1912111
Mild vs Moderate | 2 -0.22 113058 0.3042 0.82 4.04-2.43 Mild vs Severe 2 -1.06 2.17-0.00 0.0293 438 9.14-0.08
Mild vs Moderate | 3 0.33 0.22-0.89 0.8852 1.35 0.91-3.60 Mild vs Severe 3 0.03 0.63-0.72 0.5352 0.12 2.64-2.93
Mild vs Moderate | 4 0.63 0.01-127 0.9768 266 -0.16-5.30 Mild vs Severe 4 0.73 0.02- 152 0.9708 3.02 0.09-6.19
Mild vs Moderate | 5 0.60 0.02-122 0.9695 257 0.12-534 Mild vs Severe 5 0.92 0.15- 1.64 0.9915 3.79 0.65-6.91
Mild vs Moderate | 6 032 -0.27-0.86 0.8625 136 119-3.73 Mild vs Severe 6 0.72 0.03- 134 0.9830 205 0.16-5.67
Mild vs Moderate | 7 -0.10 -0.85-0.58 0.4035 037 3.39-2.60 Mild vs Severe 7 032 046122 0.7740 133 2.09-4.86
Mild vs Moderate | 8 -0.53 -1.56-0.53 0.1710 215 -6.41-234 Mild vs Severe 8 -0.10 129120 0.4305 -0.40 55475
Panel 2D N
5
3
<
€ 4l
8
s
2
5 of
§
§
£
8«
3
£
8
e o
H
g
277
B
§
3
=
H i & 5
Days
. Log odds | 95%ClI for log Posterior Mean | 95%ClI for Posterior
Counarlso oy Contrast | odds of Contrast Ex(Coutrastel) Difference Mean Difference
Moderate vs Severe | 1 -1.44 3.27-024 0.0535 -6.69 158 1.84
Moderate vs Severe | 2 -0.84 181-0.13 0.0458 3.57 -8.03-0.59
Moderate vs Severe | 3 -0.30 0.87-0.24 0.1430 123 3.52-1.00
Moderate vs Severe | 4 0.10 0.52-0.69 0.6162 036 2.01-2.64
Moderate vs Severe | 5 032 -0.30 - 0.95 0.8390 122 1.31-3.55
Moderate vs Severe | 6 0.40 -0.17-0.95 0.9150 1.58 0.74-3.67
Moderate vs Severe | 7 0.42 0.27-1.09 0.8840 170 120-4.33
Moderate vs Severe | 8 043 0.60— 142 0.7998 1.76 2.47-6.06

Fig. 2 Estimated Differences Serum Creatinine Differences Between Groups Over Time. Panel A Estimated Differences Serum Creatinine Means
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have contributed to the observed trend of higher AKI  renal function and vancomycin levels in this population
incidence in the MSLD group. The potential relation-  while receiving vancomycin.

ship between liver dysfunction and renal vulnerabil- The mortality observed in our study might be linked
ity emphasizes the importance of closely monitoring to advanced liver disease. Patients who are overweight
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(BMI 25-29.9 kg/m?) exhibited significantly higher
mortality rates than those with a BMI below 25 kg/m?
Severe liver disease (Child—Pugh C) was associated
with an elevated mortality risk compared to mild liver
disease (Child—Pugh A). This could mean that these

patients were in critical condition at baseline; however,
the increased risk of AKI in patients with MSLD could
have contributed to their higher mortality risk. In addi-
tion, elevated mean vancomycin trough levels (>13.8
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Fig. 4 Estimated Differences Blood Urea Nitrogen (BUN) Means Between Groups Over Time. Panel A Estimated Differences Blood Urea Nitrogen
(BUN) Means of Mild and Severe Groups Over Time. Panel B The Estimated Blood Urea Nitrogen (BUN) Means of Mild and Moderate Groups
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difference) > 0 was presented as Pr(contrast > 0). HPD: Highest posterior distribution. Cl: Credible interval

pmol/L) and albumin levels below 25 g/L were also sig-
nificantly associated with increased mortality risk.

Our findings should be interpreted considering sev-
eral limitations. This was an observational study, which
may have included unmeasured confounding factors

that could not be accounted for. Prospective studies
investigating the impact of different degrees of liver
dysfunction on vancomycin-induced nephrotoxicity
are needed to establish safer and more precise dosing
recommendations. Our small sample size limited the
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power of our study, potentially preventing the detec-
tion of statistically significant differences between
groups in certain outcomes. Our use of vancomycin
trough concentrations for vancomycin monitoring is
not the currently advised method to monitor vancomy-
cin as compared to using AUC: MIC ratio [4]. However,
we could not calculate AUC in our population as this
monitoring method is not currently practiced in the
included institutions. Lastly, assessing renal function
using alternative modalities, such as cystatin C, which
may be less influenced by liver function [23], could pro-
vide more accurate assessments of renal function in
these patients and improve dosing precision.

Conclusion

While renal function remains a critical factor in vanco-
mycin dosing, our study adds to the growing evidence
that liver dysfunction should also be carefully consid-
ered in patients receiving vancomycin. Although not
statistically significant, the higher incidence of AKI
observed in patients with MSLD suggests a trend that
could lead to serious adverse outcomes, including mor-
tality. Tailoring vancomycin dosing to account for both
hepatic and renal function could potentially reduce the
risk of nephrotoxicity and mortality in this vulnerable
population, ultimately improving patient outcomes.
Further research is needed to validate these findings
and guide the development of more comprehensive
vancomycin dosing recommendations.
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