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Abstract

Backgrounds & Aims: There is a need to identify therapies that may prevent development of 

acute-on-chronic liver failure (ACLF) in patients with cirrhosis. This study sought to evaluate the 

association between statin exposure and the risk of developing ACLF in a large national cohort of 

patients with cirrhosis.
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Methods: We performed a retrospective cohort study of patients diagnosed with cirrhosis within 

the Veterans Health Administration from 2008 and 2018. Patients were stratified into three 

groups based on statin exposure (statin naïve, existing statin user, and new statin initiator). Cox 

proportional hazards regression models with inverse probability treatment weighting and marginal 

structural models were utilized to comprehensively address potential confounding in estimating 

the association between time-updated statin exposure and first occurrence of high-grade ACLF.

Results: The cohort included 84,963 patients, of which 26.9% were on a statin at baseline. 

A total of 8,558 (10.1%) patients with cirrhosis were hospitalized with high-grade ACLF over 

median follow-up time of 51.6 months (IQR 27.5, 81.4). Time-updated statin use was associated 

with a significant reduction in the hazard of developing ACLF (HR 0.62, 95% CI 0.59-0.65, 

p<0.001). Increasing doses of statin were associated with progressively reduced hazard of 

developing ACLF (HR 0.75, 95% CI 0.66-0.86, p<0.001 for <20mg vs. 0mg of time-updated 

statin exposure, in simvastatin equivalents; HR 0.61, 95%, CI 0.58-0.64, p<0.001 for >20mg vs. 

0mg statin exposure). Furthermore, every additional 5 months of statin exposure was associated 

with a 9% reduced hazard of high-grade ACLF (HR 0.91, 95% CI 0.90-0.92, p<0.001).

Conclusions: In this large, retrospective cohort study in patients with cirrhosis, statin use was 

significantly associated with reduced development of high-grade ACLF.

Lay Summary

Statin therapy has been shown to have numerous beneficial effects in patients with chronic liver 

disease. This study demonstrated a strong association between statin therapy and a reduced risk 

for the development of acute-on-chronic liver failure in patients with cirrhosis. The results of this 

study support the promising role that statins may play in future prevention of acute-on-chronic 

liver failure in patients with cirrhosis.
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Introduction

Acute-on-chronic liver failure (ACLF) is a life-threatening syndrome in patients with 

cirrhosis or chronic liver disease characterized by an acute decompensation (AD) event, 

severe systemic inflammatory response, and one or more organ system failures (OFs).[1] 

Patients with ACLF have extremely poor short-term outcomes, with 90-day mortality 

typically exceeding 50%.[1, 2] Given its poor prognosis, there is great interest in identifying 

therapies to prevent or reduce the risk of developing ACLF in patients with cirrhosis.

Statin medications have garnered recent attention as one potential therapy due to their 

observed favorable effects in patients with chronic liver disease. Statins, or 3-Hydroxy-3-

methylglutaryl coenzyme A (HMG-CoA) reductase inhibitors, inhibit the endogenous 

production of cholesterol in the liver. In addition to their lipid lowering effects, statins have 

known anti-inflammatory, anti-oxidant, and vasoprotective properties, which may be key 

to their beneficial effects on liver disease.[3–5] Observational studies have demonstrated a 

reduction in the risk of hepatic decompensation, incidence of hepatocellular carcinoma, and 

risk of death in patients with cirrhosis receiving statins.[3, 6, 7] In a randomized controlled 

trial, simvastatin use was associated with improved survival in Child-Turcotte-Pugh (CTP) 

class A and B patients, though this was not the primary endpoint of the study.[8] Given these 

findings it is therefore plausible that statin therapy may similarly reduce the likelihood of 

developing future ACLF events in patients with cirrhosis, however this issue has not been 

explored in any large study to date.

To address this knowledge gap, we utilized a well-established national cohort of patients 

with cirrhosis to evaluate the effect of statin exposure on risk of developing high-grade 

ACLF. In particular, we aimed to comprehensively control for potential baseline and 

temporal confounders that might cloud this association, and to additionally investigate the 

impact of cumulative statin exposure on ACLF development.

Methods

Study Design and Cohort Creation

This was a retrospective cohort study using data from the Veterans Outcomes and Costs 

Associated with Liver Disease (VOCAL) cohort. The derivation of the VOCAL cohort 

has been detailed in prior publications[9] and has been used extensively in natural history 

studies of patients with cirrhosis,[10–12] including for the study of ACLF.[13–16] In brief 

it contains detailed longitudinal data for approximately 130,000 patients with cirrhosis in 

the Veterans Health Administration (VHA) identified between 1/1/2008 and 12/31/2018. 

Cirrhosis was classified using a validated algorithm of one inpatient or two outpatient 

ICD-9/10 codes for cirrhosis (571.2, 571.5, K74.6x, K70.3x).[17] We included patients age 

≥18 years with incident cirrhosis as identified through a well-validated algorithm; the date of 

cirrhosis diagnosis was the index date in this study. To minimize the possibility of cirrhosis 

misclassification, we excluded patients with a baseline Fib-4 score <1.45.[18] Patients 

were also excluded if they received liver transplant prior to the index date, developed 

hepatocellular carcinoma within 6 months of the index date, had less than 6 months of 
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follow-up time, had fewer than two outpatients visit in the index year, or did not have 

baseline lipid panel data.

Exposures Variables

For each patient we obtained data on demographics (age, sex, race), body mass index 

(BMI), comorbidities (diabetes mellitus, coronary artery disease [CAD], heart failure, atrial 

fibrillation),[19, 20] and history of transjugular portosystemic shunt (TIPS). Prior cirrhosis 

decompensation was determined using a validated algorithm.[21] Etiology of liver disease 

was ascertained using laboratory data, ICD-9/10 codes, and BMI data following a validated 

VHA algorithm,[22] and classified as hepatitis C virus (HCV), hepatitis B virus (HBV), 

alcohol-related liver disease (ALD), HCV+ALD, non-alcoholic fatty liver disease (NAFLD), 

and other. Baseline laboratory data included sodium, creatinine, albumin, total bilirubin, 

alkaline phosphatase, aspartate aminotransferase, alanine aminotransferase, platelet count, 

and international normalized ratio (INR). Baseline model for end-stage liver disease-sodium 

(MELD-Na) was calculated from these data, and CTP class was determined using a 

validated VHA algorithm.[9] VHA pharmacy tables were then queried for all dispensed 

statin prescriptions and non-statin lipid lowering medications (e.g., fibrates, ezetimibe, 

niacin), including medication name, strength, and duration. Baseline exposure to these 

medications was determined in the 90 days prior to cirrhosis diagnosis. Statin doses were 

converted to simvastatin equivalents and categorized as 0mg, <20mg, and ≥20mg, similar 

to prior methods.[7] Finally, from the index date, the following variables were time-updated 

at 30-day intervals through 5 years of follow-up: statin exposure and dose, non-statin lipid 

lowering medications, low-density lipoprotein (LDL), total cholesterol, diabetes mellitus, 

and coronary artery disease.

Classification of ACLF

The primary outcome of high-grade ACLF was classified according to the European 

Association for the Study of the Liver- Chronic Liver Failure (EASL-CLIF) criteria.

[1] Classification of ACLF using the VHA dataset has been detailed previously.[13, 

23, 24] However, in brief, all patient hospitalizations during follow-up were identified, 

and acute decompensations (ADs) of infection, gastrointestinal bleed, ascites, or hepatic 

encephalopathy were ascertained using ICD-9/10 codes, CPT codes, and medication 

administration data (Supplemental Table 1). Organ failures (OFs) occurring within 28 

days including kidney, liver, coagulation, respiratory, brain, and circulatory were defined 

precisely using granular laboratory, administrative coding, and medication administration 

data. Details are provided in Supplemental Tables 2–5. ACLF severity grades were then 

categorized from 0 (no ACLF) to 3 (severe ACLF), and grades 2 or 3 ACLF were considered 

to be “high-grade” for the purposes of the binary primary outcome classification. The time 

to high-grade ACLF was computed from the index date of cirrhosis diagnosis.

Primary Statistical Analysis

Descriptive statistics were reported as medians and interquartile ranges (IQRs) for 

continuous variables and as percentages for categorical variables. Cohort statistical 

comparisons were made as stratified by statin exposure: (1) no statin exposure (baseline 

or follow-up), (2) baseline statin exposure, (3) statin new initiator (no exposure at baseline, 
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but initiated during follow-up). ADs and OFs for all ACLF hospitalizations were similarly 

summarized and compared among these strata, as were short-term mortality at 28 and 90 

days.

We used inverse probability treatment weighting (IPTW) to create a pseudopopulation 

balanced across covariates of interest to simulate a randomized controlled trial. This entailed 

creation of a propensity score (PS) for any statin exposure (baseline or during follow-up) 

in a logistic regression model, where the following covariates were selected: age, sex, 

race, BMI, etiology of liver disease, diabetes, CAD, heart failure, atrial fibrillation, prior 

cirrhosis decompensation, TIPS, CTP class, MELD-Na, LDL, and total cholesterol. Inverse 

probability weights were then computed as 1/PS for patients who received statin therapy at 

baseline and as 1/(1-PS) for patients who did not received statin therapy at baseline.[25] To 

demonstrate the degree of matching achieved through IPTW, we plotted the standardized 

mean difference (SMD) in unweighted and IPTW-weighted fashion for each variable, where 

an SMD between −0.1 and 0.1 was regarded to represent adequate balance.[26] Next, IPTW-

adjusted Cox proportional hazards regression was used to estimate the association between 

statin exposure and subsequent development of high-grade ACLF. The primary outcome 

was first occurrence of high-grade ACLF, and patients were censored at non-ACLF death, 

transplant, or maximum follow-up. Three primary models were created: (1) assessing time-

updating statin exposure (binary, updated every 30 days), (2) assessing time-updated statin 

exposure relative to non-statin lipid-lowering medications or no lipid-lowering medications 

(multilevel categorical exposure, updated every 30 days), and (3) time-updated statin dose 

exposure, expressed in simvastatin equivalents (0mg, <20mg, ≥20mg,[27] updated every 30 

days). To explore the impact of cumulative statin exposure over time, we then created IPTW-

adjusted Cox regression models assessing (1) cumulative months of statin exposure (per 5 

months) and (2) cumulative statin dose exposure (per 400mg-months, e.g. 80mg dose over 5 

months), expressed in simvastatin equivalents. Each of these models was adjusted for LDL, 

total cholesterol, diabetes mellitus, and CAD as time-updating covariates. Hazard ratios 

(HRs) with 95% confidence intervals (CIs) were presented, as well as plots of Cox-adjusted 

survival curves. An alpha threshold of 5% was used to determine statistical significance.

Sensitivity Analysis

To account for the possibility of time-dependent confounding not addressed through 

IPTW-adjusted Cox regression, we estimated several marginal structural models. Selected 

covariates of interest could impact the decision to initiate statin therapy during follow-up 

and could in turn be modified by statin therapy as well as influence the primary outcome. 

These time-updated a priori variables included LDL, total cholesterol, diabetes mellitus, and 

coronary artery disease. IPTW methods were used to create stabilized and censored weights 

for statin treatment, in accordance with the methods outlined by Robins et al.[28] Stabilized 

weights generated in this fashion minimize bias in treatment estimates and variance relative 

to unstabilized weights. Five pooled logistic regression models weighted by the product 

of the stabilized and censored weights were created to separately estimate the association 

between (1) time-updated binary statin exposure, (2) time-updated categorical lipid lowering 

medication class exposure, (3) time-updated statin dose exposure, (4) cumulative months of 

statin exposure, and (5) cumulative statin dose exposure on the outcome of development of 
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high-grade ACLF. Note that odds ratios produced using this method are near-equivalent to 

Cox-adjusted hazard ratios,[29] and were therefore presented as such. To approximate an 

intention-to-treat analysis (and thereby provide conservative estimates of treatment effect), 

patients were assumed to have continued statin therapy for all timepoints subsequent to 

initiation in marginal structural models.

Subgroup Analyses

First, to isolate the impact of statin exposure on ACLF specifically in statin-naïve patients, 

we repeated the IPTW-adjusted Cox regression and marginal structural modeling procedures 

excluding patients with baseline statin exposure. As above, HRs and 95% CIs were 

presented, and an alpha threshold of 5% was used to determine statistical significance. 

Second, given the possibility that statin use could co-associate with reductions in alcohol 

abuse and thereby reduce the likelihood of ACLF, we performed subgroup analyses of 

the above models where we excluded patients with ALD or ALD+HCV as an etiology of 

liver disease, and separately where we evaluated models only among patients with ALD or 

ALD+HCV.

All data management and analyses were performed using structured query language and 

STATA 17.0/BE (College Station, TX). Institutional Review Board approval was obtained 

from the Michael J. Crescenz Philadelphia Veterans Affairs Medical Center.

Results

Baseline Cohort and ACLF Characteristics

After application of selection criteria (Figure 1), a total 84,963 patients were included in the 

analytic cohort. Patients on a statin at baseline (N=22,876, 26.9%) were older (median 66 

years vs. 61 with no statin exposure, p<0.001), had higher BMI (median 30.7 vs. 27.9 with 

no statin exposure, p<0.001), and had higher proportions of diabetes, CAD, heart failure, 

and atrial fibrillation (each p<0.001; Table 1). Baseline LDL and total cholesterol levels 

were lowest among patients on a statin at baseline, and were highest among patients who 

later initiated a statin during the course of follow-up (e.g. median LDL 73mg/dL baseline 

statin vs. 94mg/dL statin new initiator, p<0.001). A total 2,362 (2.8%) of patients were 

taking a non-statin lipid lowering medication at baseline.

Over median follow-up time 51.6 months (IQR 27.5, 81.4), a total 8,558 (10.1%) patients 

were hospitalized with high-grade ACLF. Among patients with any statin exposure during 

follow-up, the trigger for ACLF was more often infection as compared to those without 

statin exposure (63.4% versus 58.5%, p<0.001; Table 2). By contrast, ADs of ascites and 

hepatic encephalopathy were less frequent in statin-exposed patients (e.g. for ascites, 33.6% 

vs. 42.1% no statin exposure, p<0.001). Kidney organ failure was present in the majority 

of ACLF hospitalizations (74.9% overall) and liver organ failure was least common (22.8% 

overall). As compared to patients with no statin exposure, patients with any statin exposure 

were less likely to have liver OF (11.9% vs. 29.6%, p<0.001) and brain OF (25.1% vs. 

42.4%, p<0.001), but more likely to have kidney OF (82.6% vs. 70.1%, p<0.001) and 

circulatory OF (47.1% vs. 40.7%, p<0.001). Finally, statin-exposed patients with ACLF had 
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lower 28- and 90-day mortality as compared to those with no statin exposure (27.0% vs. 

37.6% 28-day, 40.1% vs. 53.7% 90-day, each p<0.001).

Association between Statin Use and ACLF

After generation of propensity scores for statin exposure and inverse probability weighting, 

excellent covariate balance was achieved for all variables as demonstrated by reduction in 

SMD to within +/− 0.1 (Figure 2). In IPTW-adjusted Cox regression models, time-updated 

statin use was associated with a significant reduction in the hazard of developing ACLF 

(HR 0.62, 95% CI 0.59-0.65, p<0.001; Table 3, Figure 3A). When lipid lowering medication 

classes were treated as a time-updated categorical variable, patients with statin exposure had 

a 38% reduced hazard of ACLF relative to patients on no lipid lowering medications (HR 

0.62, 95% CI 0.59-0.65, p<0.001), however there was no significant association observed 

with exposure to non-statin lipid lowering medications (HR 1.08, 95% CI 0.97-1.21, p=0.16; 

Figure 3B). Increasing doses of statin exposure were also associated with progressively 

reduced hazard of developing ACLF. For example, relative to patients on no statin treatment 

(0mg), patients with <20mg exposure had an HR 0.75(95% CI 0.66-0.86) and those with 

≥20mg of statin exposure had an HR 0.61 (95% CI 0.58-0.64, p<0.001; Figure 3C). When 

cumulative time on statin therapy was considered, every additional 5 months of statin 

exposure reduced the hazard of ACLF by 9% (HR 0.91, 95% CI 0.90-0.92, p<0.001; Figure 

4A). Finally, for every additional 400mg-months of statin exposure, the hazard of ACLF was 

reduced by 6% (HR 0.94, 95% CI 0.93-0.95, p<0.001; Figure 4B).

When employing marginal structural models, causal estimates for a protective effect of 

statin use on ACLF development were globally similar to IPTW-adjusted Cox regression 

models, though somewhat attenuated. Binary statin exposure was associated with a 27% 

reduced hazard of ACLF (HR 0.73, 95% CI 0.66-0.80, p<0.001); high-dose statin exposure 

was associated with a 28% reduced hazard of ACLF, relative to no statin exposure (HR 

0.72, 95% CI 0.65-0.79, p<0.001; Table 3). However, non-statin lipid lowering medications 

were associated with a significantly increased hazard of ACLF relative to patients with no 

exposure to lipid lowering medications (HR 1.62, 95% 1.28-2.05, p<0.001). Cumulative 

statin exposure, as measured in months or mg-months, was also found to be associated 

with reduced development in ACLF in marginal structural models, with generally similar 

estimates to those observed in adjusted Cox regression models (Table 3)

Subgroup Analyses

In models excluding patients with baseline statin exposure, the associations between statin 

exposure and development of ACLF were overall similar to the primary analyses in IPTW-

adjusted Cox regression (Supplemental Table 6). In marginal structural models, however, 

the association was generally strengthened in new statin initiators across all models. 

For example, binary statin exposure had an HR 0.62 (95% CI 0.52-0.73, p<0.001) for 

development of ACLF. In cumulative exposure models, each additional 5 months of statin 

exposure conferred an 11% reduced hazard of ACLF (HR 0.89, 95% CI 0.84-0.95, p<0.001), 

and each additional 400mg-months or exposure reduced the hazard of ACLF by 14% 

(HR 0.86, 95% CI 0.80-0.93, p<0.001). Finally, when patients with alcohol-related liver 

disease were excluded, the protective association between statin exposure and reduction in 
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ACLF development persisted in all models, though point estimates were slightly attenuated 

(Supplemental Table 7). For example, binary statin exposure was associated with a 34% 

reduction in ACLF development in IPTW-adjusted Cox regression models (HR 0.66, 95% 

CI 0.62-0.72, p<0.001) and a 21% reduction in marginal structural models (HR 0.79, 95% 

CI 0.68-0.92, p<0.001). Model results were again similar in the subgroup analysis limited 

only to patients with ALD or ALD+HCV (Supplemental Table 8). For example, in IPTW-

adjusted Cox regression models, binary statin exposure was associated with an HR 0.64 

(95% CI 0.60-0.68, p<0.001) for ACLF development, and in marginal structural models an 

HR 0.70 (95% CI 0.63-0.79, p<0.001).

Discussion

In this large study of diverse patients with cirrhosis, exposure to statin medications was 

associated with a significantly reduced risk of future development of ACLF. These findings 

were consistent across multiple measurements of exposure, including binary statin exposure, 

comparison to non-statin lipid lowering medications, and variations in cumulative exposure 

to statins across dosing and time. The results were also consistent across multiple methods 

of modeling (IPTW-adjusted Cox regression and marginal structural models) which were 

designed to comprehensively account for complex confounders.

The primary novel finding in this study is that statin use is significantly associated with 

reduced development of high-grade ACLF, and that increasing and cumulative statin 

exposure intensifies this association. Several retrospective and prospective studies have 

demonstrated that statins may have a beneficial effect in reducing the likelihood of cirrhosis 

decompensation and mortality. There is biological plausibility from chronic liver disease 

models to support this association, including that statins are known to reduce hepatic 

inflammation,[30, 31] block hepatic stellate cell activation,[32] and reduce fibrogenesis.[33, 

34] Statins also improve endothelial dysfunction,[35] reduce intrahepatic resistance, and 

thereby lower portal pressures.[36] In one study by Tripathi et al, simvastatin was found to 

reduce hepatic inflammation, reduce portal pressures, and improve survival in a rat cirrhosis 

model specifically in the context of ACLF.[37] These mechanisms of action may mitigate or 

prevent ADs that reflect worsened intrinsic liver function, but would not necessarily reduce 

the likelihood of infection. Indeed, we found that patients on statin therapy who developed 

ACLF were significantly less likely to have ADs of ascites or hepatic encephalopathy, and 

somewhat more likely to have infection as an inciting event. Furthermore, ACLF patients on 

statin therapy were significantly less likely to have liver OF than ACLF patients not on statin 

therapy, potentially mediated by the pleiotropic hepatic effects noted above. While baseline 

differences in severity of liver disease between statin and non-statin users could potentially 

explain some of this difference, we attempted to comprehensively account for this through 

IPTW-based propensity scores that included MELD-Na, CTP class, and history of prior 

cirrhosis decompensation. Our findings therefore expand on prior literature and further the 

hypothesis that statin exposure may have salutary effects in patients with cirrhosis with 

respect to a range of liver-related adverse outcomes.

In addition to biological plausibility, other features of our analysis would argue for a 

potential causal relationship between statin exposure and reduction in ACLF. First, the 
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observed association was unique to statin medications, and not observed with non-statin 

lipid lowering medications. This suggests a class effect from statins rather than reduction 

in ACLF being related to lipid lowering more broadly. Second, our findings suggest that a 

dose-response exists between statin exposure and reduced likelihood of ACLF. We found 

that increased cumulative exposure to statins in terms of duration of use (months) or dose 

plus duration (mg-months) both conferred increased protection against ACLF events, and 

the effect was especially strong in new statin initiators. This is consistent with recent 

data similarly identifying increased statin exposure, expressed in simvastatin equivalents, 

as being inversely associated with cirrhosis decompensation and death.[7] Both specificity 

of effect and dose-response are key elements of establishing causality,[38] however we 

must emphasize that findings presented herein must be interpreted as hypothesis generating. 

Randomized-controlled trials evaluating the impact of statins on liver-related outcomes 

which are ongoing may additionally aim to study ACLF as a patient-important outcome to 

further explore this association.

Our findings have significant clinical relevance. First, given the high short-term mortality 

associated with ACLF, there is substantial interest in identifying widely available and 

effective therapies that may help to prevent such events. Second, our findings that statin-

treated patients who develop ACLF tend to have a different ACLF phenotype may help 

to direct anticipatory clinical management. For example, these patients are more likely to 

have an infectious precipitant of ACLF and to manifest circulatory and kidney OFs. Early 

antibiotics and escalation of care may therefore be especially important in statin-exposed 

patients with ACLF. Here it is also important to note that in an unadjusted analysis, 

statin-exposed patients with ACLF had a lower short-term mortality as compared to ACLF 

patients without statin exposure. This suggests that reductions in ACLF development 

may also translate to reductions in ACLF-related mortality, though this prospect requires 

additional study. Moreover, despite prior literature demonstrating poor prognosis in ACLF 

characterized by infection,[39] there may in fact be heterogeneity in outcomes that vary 

by type of infection and mechanism of OFs. Statin exposure could also modify the 

course of infections in the context of ACLF and reduce infection-related mortality, a 

concept that is well-supported by historic sepsis literature[40, 41] though data remain 

controversial.[42] Third, while there has been increasing interest in the role of statins in 

preventing cirrhosis decompensation and death, this marks the first real-world study to 

address statins specifically in the context of ACLF. Finally, demonstration of a protective 

association between statins and ACLF events lays the foundation for future prospective 

studies including clinical trials to better characterize the potential impact of statins on ACLF. 

This must of course include consideration of potential statin-associated adverse events in 

patients with advanced liver disease, especially in light of recent randomized-controlled trial 

data demonstrating an increased risk of rhabdomyolysis in patients with decompensated 

cirrhosis receiving a dose of simvastatin 40mg daily (but not 20mg daily).[43]

There are important limitations to acknowledge in this study. First, as with any large 

retrospective study, there is possible misclassification of exposures and outcomes. To 

minimize this, we used validated algorithms wherever possible, and only included patients in 

the cohort who actively followed in the VHA system. Second, although we made substantial 

efforts to control for all relevant confounders including accounting for time-dependent 
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confounding, there of course remains the possibility of bias due to residual confounding. In 

particular, the observation that statin-treated patients with ACLF were more likely to have 

circulatory and kidney OFs could potentially result from residual confounding by indication, 

as these patients are presumably more likely to have vascular disease that could create 

susceptibility to these OFs. Conversely, patients taking statins may have been “healthier” in 

ways not captured in this analysis, and may in part explain the observed association with 

reduced ACLF. Indeed, exclusion of patients with ALD did attenuate the observed effect size 

somewhat, again illustrating the potential impact of residual confounding and the importance 

of prospective studies to confirm our findings. Third, there are potential external validity 

limitations given that the VHA is primarily male and relatively enriched in psychosocial 

comorbidities. However, it is not clear that these features would substantially alter the 

observed associations between statin use and ACLF. Fourth, we only studied the impact 

of statins on ACLF as defined by EASL-CLIF criteria. This definition best reflects ACLF 

with etiologies of liver disease that are well-represented in European and North American 

cohorts. It is therefore unclear if the observed associations with statin therapy would apply 

in other ACLF definitions derived from cohorts with predominantly HBV-related cirrhosis. 

Fifth, there are additional medications such beta blockers that may impact the risk of ACLF 

development that are not specifically addressed in this study but mark important areas for 

future research. Finally, we do not address impact of statins on ACLF-related mortality in 

detail, though we did note a lower crude mortality rate at 28 and 90 days in statin-exposed 

patients with ACLF. Given the complexity of the underlying analysis presented in the 

current study, the potential association between statin use and ACLF trajectory will be 

addressed in forthcoming work.

In conclusion, statin exposure is associated with reduced development of ACLF in a large 

cohort of patients with incident cirrhosis. This association was not observed with non-statin 

lipid lowering medications, and increasing doses and cumulative duration of statin therapy 

intensified the protective association between statins and development of ACLF. Though 

prospective studies are needed to validate these findings and better delineate the safety of 

statin therapy in patients with decompensated cirrhosis, they support a hypothesis that statins 

may mitigate high-mortality ACLF events over time.
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Abbreviations

AD Acute Decompensation

ACLF Acute-on-Chronic Liver Failure

ALD Alcohol-related Liver Disease

BMI Body Mass Index

CAD Coronary Artery Disease

CIs Confidence Intervals

CTP Child-Turcotte-Pugh

EASL-CLIF European Association for the Study of the Liver- Chronic Liver 

Failure

HRs Hazard Ratios

HBV Hepatitis B Virus

HCV Hepatitis C Virus

HMG-CoA 3-Hydroxy-3-methylglutaryl Coenzyme A

INR International Normalized Ratio

IQRs Interquartile Ranges

IPTW Inverse Probability Treatment Weighting

LDL Low-density Lipoprotein

MELD-Na Model for End-stage Liver Disease-Sodium

NAFLD Non-alcoholic Fatty Liver Disease

OFs Organ Failures

PS Propensity Score

SMD Standardized Mean Difference

TIPS Transjugular Portosystemic Shunt

VHA Veterans Health Administration
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Highlights

• Of 84,963 U.S. Veterans with cirrhosis, 8,558 (10.1%) were hospitalized with 

ACLF

• Binary statin exposure was associated with a 38% reduced hazard of 

developing ACLF

• Increasing dose exposure was associated with a progressively reduced hazard 

of ACLF

• Statin-exposed ACLF patients had more kidney and less liver or brain organ 

failure
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Figure 1 –. 
Patient Flow Diagram
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Figure 2 –. Covariate Balance in Unadjusted and IPTW-Adjusted Cohorts
Abbreviations: IPTW = inverse probability treatment weighted; HBV = hepatitis B virus; 

ALD = alcohol-related liver disease; HCV = hepatitis C virus; NAFLD = non-alcoholic 

fatty liver disease; CAD = coronary artery disease; CTP = Child-Turcotte-Pugh; TIPS 

= transjugular intrahepatic portosystemic shunt; MELD-Na = model for end-stage liver 

disease-sodium; LDL = low density lipoprotein
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Figure 3 –. Cox-adjusted Association between (A) Binary Statin Exposure, (B) Categorical Lipid 
Lowering Medications, and (C) Increasing Statin Dose Exposure* on Development of ACLF
Abbreviations: LL = lipid lowering

* Time-updated dose exposures expressed in simvastatin equivalents
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Figure 4 –. Cox-adjusted Association between (A) Months of Cumulative Statin Exposure and 
(B) Dose-Months* of Statin Exposure on Development of ACLF
* Doses expressed in simvastatin equivalents. Dose-months were obtained by accumulating 

months at which a patient received a given statin dose. For example, a patient receiving 

80mg of daily statin for five months would have 400mg-months of cumulative exposure.
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Table 1 –

Baseline Cohort Characteristics, Stratified by Statin Exposure During Follow-up

Factor No Statin Exposure 
(N=46515)

Statin at Baseline 
(N=22876)

New Statin Initiator 
(N=15572)

p-value

Age, median (IQR) 61 (56, 66) 66 (62, 71) 63 (58, 67) <0.001

Male Sex 44989 (96.7%) 22363 (97.8%) 15202 (97.6%) <0.001

Race <0.001

 White 28998 (62.3%) 15209 (66.5%) 9053 (58.1%)

 Black 8035 (17.3%) 3636 (15.9%) 3791 (24.3%)

 Hispanic 3760 (8.1%) 1740 (7.6%) 1227 (7.9%)

 Asian 557 (1.2%) 308 (1.3%) 192 (1.2%)

 Other 5165 (11.1%) 1983 (8.7%) 1309 (8.4%)

Body Mass Index, median (IQR) 27.9 (24.4, 31.9) 30.7 (26.9, 35.2) 28.8 (25.2, 33.0) <0.001

Etiology of Liver Disease <0.001

 Hepatitis C Virus (HCV) 9879 (21.3%) 3396 (14.8%) 3984 (25.6%)

 Hepatitis B Virus 369 (0.8%) 252 (1.1%) 169 (1.1%)

 Alcohol-related Liver Disease (ALD) 15445 (33.2%) 7049 (30.8%) 4748 (30.5%)

 HCV + ALD 11419 (24.6%) 2438 (10.7%) 3087 (19.8%)

 Non-alcoholic Fatty Liver Disease 7440 (16.0%) 9378 (41.0%) 3158 (20.3%)

 Other 1902 (4.1%) 363 (1.6%) 420 (2.7%)

Diabetes Mellitus 18206 (39.1%) 17440 (76.2%) 9039 (58.0%) <0.001

Coronary Artery Disease 5835 (12.5%) 11621 (50.8%) 3915 (25.1%) <0.001

Heart Failure 3828 (8.2%) 6703 (29.3%) 2108 (13.5%) <0.001

Atrial Fibrillation 3160 (6.8%) 4727 (20.7%) 1401 (9.0%) <0.001

Child-Turcotte-Pugh Class <0.001

 A 27327 (58.7%) 16231 (71.0%) 11664 (74.9%)

 B 15859 (34.1%) 6239 (27.3%) 3510 (22.5%)

 C 3329 (7.2%) 406 (1.8%) 398 (2.6%)

Prior Cirrhosis Decompensation 7519 (16.2%) 3259 (14.2%) 1605 (10.3%) <0.001

TIPS 46 (0.1%) 11 (<1%) 1 (<1%) <0.001

Sodium, median (IQR) 138 (135, 140) 138 (136, 140) 138 (136, 140) <0.001

Creatinine, median (IQR) 0.9 (0.7, 1.1) 1.0 (0.8, 1.3) 0.9 (0.8, 1.1) <0.001

Albumin, median (IQR) 3.4 (2.9, 3.9) 3.6 (3.2, 4.0) 3.7 (3.2, 4.0) <0.001

Total Bilirubin, median (IQR) 1.1 (0.8, 2.0) 0.8 (0.6, 1.3) 0.9 (0.6, 1.4) <0.001

Alkaline Phosphatase, median (IQR) 106 (79, 148) 95 (71, 133) 96 (73, 132) <0.001

Aspartate Aminotransferase, median 
(IQR) 64 (40, 106) 42 (28, 64) 54 (33, 90) <0.001

Alanine Aminotransferase, median 
(IQR) 43 (26, 75) 35 (22, 56) 44 (26, 78) <0.001

Platelet Count, median (IQR) 122 (86, 167) 141 (105, 181) 142 (104, 185) <0.001

INR, median (IQR) 1.2 (1.1, 1.4) 1.1 (1.1, 1.3) 1.1 (1.0, 1.3) <0.001
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Factor No Statin Exposure 
(N=46515)

Statin at Baseline 
(N=22876)

New Statin Initiator 
(N=15572)

p-value

MELD-Na, median (IQR) 10 (6, 15) 9 (6, 14) 9 (6, 13) <0.001

HDL, median (IQR) 42 (31, 56) 40 (32, 51) 41 (32, 54) <0.001

Triglycerides, median (IQR) 97 (71, 138) 116 (82, 173) 118 (83, 174) <0.001

LDL, median (IQR) 83 (63, 105) 73 (55, 95) 94 (72, 119) <0.001

Total Cholesterol, median (IQR) 150 (125, 178) 141 (117, 169) 165 (137, 195) <0.001
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Table 2 –

Characteristics of High-Grade ACLF (2 or 3), Stratified by Statin Exposure

Factor Overall (N=8558) No Statin Exposure (N=5268) Any Statin Exposure (N=3290) p-value

Acute Decompensation 

 Infection 5168(60.4%) 3081 (58.5%) 2087 (63.4%) <0.001

 Gastrointestinal Bleed 2285 (26.7%) 1427 (27.1%) 858 (26.1%) 0.30

 Ascites 3326 (38.9%) 2220 (42.1%) 1106 (33.6%) <0.001

 Hepatic Encephalopathy 3057 (35.7%) 2232 (42.4%) 825 (25.1%) <0.001

Organ Failures 

 Kidney 6412 (74.9%) 3695 (70.1%) 2717 (82.6%) <0.001

 Liver 1949 (22.8%) 1558 (29.6%) 391 (11.9%) <0.001

 Coagulation 4026 (47.0%) 2537 (48.2%) 1489 (45.3%) 0.009

 Brain 3057 (35.7%) 2232 (42.4%) 825 (25.1%) <0.001

 Respiratory 2745 (32.1%) 1695 (32.2%) 1050 (31.9%) 0.80

 Circulatory 3692 (43.1%) 2143 (40.7%) 1549 (47.1%) <0.001

Short-Term Mortality 

 28-day Mortality 2868 (33.5%) 1980 (37.6%) 888 (27.0%) <0.001

 90-day Mortality 4146 (48.5%) 2828 (53.7%) 1318 (40.1%) <0.001
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Table 3 –

Association between Statin Exposure and High-Grade ACLF in IPTW-Adjusted Cox Regression and Marginal 

Structural Models

Model IPTW-Adjusted Cox Regression† HR 
(95% CI)

Marginal Structural Models‡ HR 
(95% CI)

Primary Models 

(1) Binary Statin Exposure, Time-Updated 0.62 (0.59 – 0.65)* 0.73 (0.66 – 0.80)*

(2) Lipid Lowering Medication Exposure, Time-
Updated

 None (ref) (ref)

 Statin Alone 0.62 (0.59 – 0.65)* 0.74 (0.67 – 0.81)*

 Non-Statin Lipid Lowering Medication Alone 1.08 (0.97 – 1.21) 1.62 (1.28 – 2.05)*

(3) Statin Dose Exposure, Time-Updated >

 0mg (simvastatin equivalents) (ref) (ref)

 <20mg (simvastatin equivalents) 0.75 (0.66 – 0.86)* 0.81 (0.63 – 1.05)

 ≥20mg (simvastatin equivalents) 0.61 (0.58 – 0.64)* 0.72 (0.65 – 0.79)*

Cumulative Exposure Models 

(1) Statin Time Exposure (per 5 months) 0.91 (0.90 – 0.92)* 0.95 (0.93 – 0.98)*

(2) Statin Dose-Time Exposure (per 400mg-
months) 0.94 (0.93 – 0.95)* 0.95 (0.93 – 0.98)*

*
Statistically significant at the alpha = 5% level

†
Each model adjusts for time-updating LDL, total cholesterol, diabetes mellitus, coronary artery disease, and baseline statin exposure.

‡
Each model adjusts for age, sex, race, baseline diabetes, coronary artery disease, heart failure, atrial fibrillation, CTP class, prior cirrhosis 

decompensation, TIPS, MELD-Na, LDL, total cholesterol, and time-updating diabetes, coronary artery disease, LDL, and total cholesterol.
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