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Abstract

OBJECTIVES: Acute liver failure (ALF) is an orphan disease often complicated by acute kidney
injury (AKI). We assessed the impact of transient versus persistent AKI on survival in patients
with ALF.

DESIGN: International multicenter retrospective cohort.
SETTING: U.S. ALF Study Group prospective registry.

PATIENTS: Patients with greater than or equal to 18 years and ALF in the registry from 1998
to 2016 were included. Patients with less than 3 days of follow-up, without kidney function
evaluation on day 3, or with cirrhosis were excluded.

INTERVENTIONS: AKI was defined by Kidney Disease Improving Global Outcomes guidelines
on day 1. Kidney recovery was defined on day 3 as transient AKI, by a return to no-AKI within
48 hours or persistent AKI if no such recovery or renal replacement therapy (RRT) was observed.
Primary outcome was transplant-free survival (TFS) at 21 days.

For information regarding this article, dean.karvellas@ualberta.ca.
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MEASUREMENTS AND MAIN RESULTS: Among 1,071 patients with ALF, 339 (31.7%)
were males, and median (interquartile range) age was 39 years (29-51 yr). Acetaminophen-related
ALF was found in 497 patients (46.4%). On day 1, 485 of 1,071 patients (45.3%) had grade

3-4 hepatic encephalopathy (HE), 500 of 1,070 (46.7%) required invasive mechanical ventilation
(IMV), 197 of 1,070 (18.4%) were on vasopressors, and 221 of 1,071 (20.6%) received RRT.

On day 1, 673 of 1,071 patients (62.8%) had AKI. On day 3, 72 of 1,071 patients (6.7%) had
transient AKI, 601 of 1,071 (56.1%) had persistent AKI, 71 of 1,071 (6.6%) had late onset AKI,
and 327 of 1,071 (30.5%) remained without AKI. Following adjustment for confounders (age, sex,
race, etiology, HE grade, use of IMV and vasopressors, international normalized ratio, and year),
although persistent acute kidney injury (adjusted odds ratio [aOR] [95% CI] 0.62 [0.44-0.88]) or
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late onset AKI (aOR [95% CI] 0.48 [0.26-0.89]) was associated with lower TFS, transient AKI
was not (aOR [95% CI] 1.89 [0.99-3.64]).

CONCLUSIONS: In a multicenter cohort of patients with ALF, persistent but not transient AKI
was independently associated with lower short-term TFS.

Keywords

hepatitis; kidney function; liver failure; outcomes; renal failure; survival

Acute kidney injury (AKI) is highly prevalent and has been associated with worse survival
in patients with acute liver failure (ALF) (1). Time to kidney recovery following AKI has
been shown to differentially impact patients” outcomes (2). Complete and sustained reversal
of AKI within 48-72 hours of its onset has been associated with better outcomes than longer
durations of AKI (3-7).

A report from the Acute Disease Quality Initiative (ADQI) has defined two types of kidney
recovery within 7 days following AKI: persistent AKI is characterized by continuing AKI,
as per Kidney Disease Improving Global Outcomes (KDIGO) criteria, greater than 48 hours
from AKI onset; or transient AKI if there is complete reversal of AKI within 48 hours of
AKI onset (8, 9).

This stratification of AKI recovery during the first week of its course may help clinicians
to implement strategies to prevent AKI prolongation (e.g. resuscitation or treatment of
infection), improve prognostic assessment (e.g. risk of acute or chronic kidney disease
[CKD] or survival), and contribute to further research on this topic (2, 10).

The differential impact of persistent versus transient AKI on outcomes has been studied in
general critically ill patients, but there is a paucity of data for patients with ALF. In this
context, we hypothesized that persistent AKI would more negatively impact these patients’
outcomes than transient AKI. Therefore, we aimed to determine among patients with ALF:
the prevalence of AKI by KDIGO criteria, the prevalence of persistent and transient AKI by
ADQI criteria, and the association between the type of kidney recovery following the initial
episode of AKI and outcomes.
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MATERIALS AND METHODS

Design, Setting, and Participants

This was a multicenter retrospective cohort study that included all ALF patients who

were prospectively enrolled in the U.S. ALF Study Group (U.S.-ALFSG) registry between
January 1998 and August 2016. Patients with less than 3 days of follow-up, without
kidney function evaluation on day 3 post study inclusion, or with cirrhosis were excluded.
The study was approved by the Health Research Ethics Board (HREB) at the University
of Alberta (Approval number Pro00041365) and has received institutional review board
(IRB) approval from all enrolling sites within the U.S.-ALFSG (see Acknowledgments
section). All protocols were approved by the IRBs/HREBS at participating sites (tertiary
liver transplant [LT] referral centers). Consent/assent was obtained from each participant/
next of kin at the time of enrollment. All research procedures were conducted according to
the Declaration of Helsinki (11). The reporting of this study followed the Strengthening the
Reporting of Observational Studies in Epidemiology statement (12).

Operational Definitions

ALF was defined according to following criteria: international normalized ratio (INR)
greater than or equal to 1.5, any degree of hepatic encephalopathy (HE) (West Haven
criteria), acute illness onset less than 26 weeks, and no cirrhosis (13). AKI definition and
staging on day 1 post study inclusion were based on KDIGO criteria. Kidney recovery was
assessed on day 3 to allow for a 48-hour window of kidney function evolution, as per ADQI
criteria (8, 9). As urine output was not available, AKI definition relied on serum creatinine
dynamics. Baseline creatinine was estimated using the modification of diet in renal disease
(MDRD) equation as per ADQI criteria (average glomerular filtration rate of 75 mL/min/
1.73 m?) (14, 15). The use of renal replacement therapy (RRT) was not protocolized;
therefore, indications, modalities, replacement fluids, anticoagulation, treatment doses, and
timings for initiation and discontinuation of treatment were based on clinical judgment at
each enrolling site. Any patient receiving RRT was considered to have AKI even if started
for a nonkidney indication (e.g. clearance of ammonia).

Exposures and Endpoints

Data on the following characteristics of patients with ALF were retrieved from the U.S.-
ALFSG registry (University of Texas Southwestern Medical Center): age, sex, race, etiology,
HE (West Haven criteria), organ support requirements (invasive mechanical ventilation
[IMV], vasopressors, and RRT), serum profile (platelet count [PLT], INR, bilirubin,

alanine aminotransferase [ALT], ammonia (NH3), creatinine, potassium, pH, and lactate),
biochemical Model for End-Stage Liver Disease (MELD) score, year of enrollment, and
outcomes (21-d LT] transplant-free survival [TFS], and overall survival) (16-19). Our
primary endpoint was 21-day TFS. This has been used in previous literature because it

better reflects the impact of ALF course on patients’ survival, without the confounding effect
of LT. The secondary outcome was receipt of LT by day 21.

Crit Care Med. Author manuscript; available in PMC 2023 November 27.
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Statistical Analysis

RESULTS

Categorical variables were presented as proportions and continuous variables as median and
interquartile ranges (IQRs). Univariable comparisons between independent samples used
chi-square or Kruskal-Wallis tests, where appropriate. Missing data across all values were
4.4%, and no imputation was performed.

Associations with outcomes were studied with logistic regression. For the multivariable
analyses, the following covariates were initially chosen based on clinical relevance or

p < 0.10 on univariable comparisons: age, sex, race (White vs other), and etiology
(acetaminophen-related vs other); HE (grade 3-4 vs grade 1-2), IMV, vasopressors, and
RRT; PLT, INR, bilirubin, ALT, NHs, potassium, pH, and lactate; MELD; type of kidney
recovery on day 3; and year of enrollment (=2008 vs < 2008). The following variables were
evaluated accounting for the potential for collinearity: AKI staging, RRT, creatinine, pH,

or potassium with renal recovery on day 3; bilirubin, ALT, NHgz, or lactate with INR; and
MELD with both renal recovery on day 3 and INR.

The final models were derived using a stepwise backward elimination process based on the
lowest p value. Furthermore, the models’ discriminative ability was assessed by C-statistic
(95% CI), and internal validation was studied with bootstrapping (1,000 samples). The
threshold for statistical significance was a equals to 0.05 (two-tailed). Statistical analysis
used IBM SPSS Statistics, Version 27 (IBM Corp, North Castle, NY).

Baseline Characteristics

The original cohort within the U.S.-ALFSG registry comprised 2,050 patients with ALF.
Following exclusion of patients with less than 3 days of follow-up or without kidney
function evaluation on day 3, the final cohort included 1,071 patients. There were no
substantial differences in the baseline characteristics between these cohorts (Table S1,
Supplementary Digital Content, http://links.lww.com/CCM/H125).

Among 1,071 patients with ALF, median (IQR) age was 39 years (29-51 yr), and

339 (31.7%) were males. Overall, 497 of 1,070 patients (46.4%) had acetaminophen.

All etiologies of ALF are depicted in Figure S1 (Supplementary Digital Content, http://
links.lww.com/CCM/H125). On day 1 post study inclusion, 485 of 1,071 (45.3%) had grade
3-4 HE, 500 of 1,070 (46.7%) required IMV, 197 of 1,070 (18.4%) were on vasopressors,
and 221 of 1,071 (20.6%) were receiving RRT. Overall, median (IQR) baseline and day

1 creatinine were 0.96 mg/dL (0.88-1.10 mg/dL) and 1.70 mg/dL (0.90-3.00 mg/dL),
respectively (Table 1).

On day 1, AKI was diagnosed in 673 of 1,071 patients (62.8%). AKI staging as per KDIGO
guidelines was as follows: stage 1 in 150 of 673 patients (22.3%), stage 2 in 122/673
(18.1%), and stage 3 in 401 of 673 patients (59.6%). Only 29 of 673 patients (4.3%) were
classified as having AKI based on the receipt of RRT on day 1. All baseline characteristics
are depicted in Table 1.

Crit Care Med. Author manuscript; available in PMC 2023 November 27.
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At the end of study (day 21 post study inclusion), 213 of 1,065 (20.0%) underwent emergent
LT. At this time point, TFS and overall survival rates were 47.9% (475/992 patients)

and 66.5% (642/966 patients), respectively. All causes of death are depicted in Figure S2
(Supplementary Digital Content, http://links.lww.com/CCM/H125).

Renal Recovery on Day 3 and Its Association With 21-Day TFS

On day 3, kidney recovery was as follows: 72 of 1,071 patients (6.7%) had transient AKI,
601 of 1,071 (56.1%) had persistent AKI, 71 of 1,071 (6.6%) had late-onset AKI (not
present on day 1), and 327 of 1,071 (30.5%) remained without AKI (Table 1).

In comparison with the three other patient groups (Table 1), patients with transient AKI
were more frequently male (41.7% vs < 39.4%) and White (80.6% < 78.5%) and had more
acetaminophen (58.3% vs < 51.0%) than others. In comparison with the three other patient
groups, patients with persistent AKI had more often Grade 3-4 HE (52.4% vs < 47.2%),
IMV (57.4% vs < 47.2%), and vasopressors (28.0% vs < 11.3%) on day 1. From days 1 to
3, 316 of 601 patients (52.6%) with persistent AKI and 21 of 71 (29.6%) with late-onset
AKI received RRT (Table 1). Among patients with persistent AKI, differences between
those who received or not RRT are depicted in Table S2 (Supplementary Digital Content,
http://links.lww.com/CCM/H125).

Patients with persistent AKI had higher median creatinine than others both on days 1 and
3(2.80 and 2.70 mg/dL, respectively). Although patients with persistent AKI had more
frequently stage 3 AKI on day 1 (66.1%), patients with transient AKI had more often stage 1
AKI at this time point (72.2%) (Fig. 1) (< 0.001).

Patients with late-onset AKI had higher median INR (3.2 vs < 3.0) and lactate (5.3 vs <

4.9 mmol/L) than others on day 1. Patients with late-onset AKI had the following KDIGO
staging: Stage 1 in 28 of 71 patients (39.4%), Stage 2 in 11 of 71 (15.5%), and Stage 3 in 32
of 71 (45.1%).

At the end of study (day 21), patients with no AKI received more often LT (30.0% vs

< 27.1%) than others. At this time point, patients with late-onset AKI had lower rates of
TFS (35.8% vs = 44.6%) and overall survival (57.8% vs = 58.2%) than others. Noticeably,
patients with transient AKI had the lowest rate of LT (7.0%) and the highest rate of TFS
(71.0%) (Table 1).

Patients alive without LT at 21 days were younger (37 vs 41 yr), more frequently female
(71.4% vs 65.2%), and White (79.2% vs 67.9%) and had more often acetaminophen (62.1%
Vs 27.7%) than others. Furthermore, the former less frequently required vasopressors on day
1 (14.7% vs 22.5%) than the latter (Table 2).

Although median creatinine on day 1 was similar between survivors without LT and others
(1.70 vs 1.74 mg/dL), the former had lower median serum creatinine on day 3 than the
latter (1.40 vs 1.90 mg/dL). On day 1, AKI was diagnosed in similar rates between patients
alive without LT at 21 days and others (62.3% vs 64.0%). However, on day 3, survivors

Crit Care Med. Author manuscript; available in PMC 2023 November 27.
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without LT had lower rates of persistent (53.1% vs 60.5%) or late-onset AKI (5.1% vs
8.3%) and a higher rate of transient AKI (9.3% vs 3.5%) than others (Table 2). All baseline
characteristics stratified by 21-day TFS status are depicted in Table 2.

Following adjustment for clinically and statistically significant confounders, six variables
were independently associated with 21-day TFS (Table 3; and Table S3, Supplementary
Digital Content, http://links.lww.com/CCM/H125): acetaminophen (adjusted odds ratio
[aOR] [95% CI] 5.55 [4.03-7.65]) and enrollment greater than or equal to 2008 (aOR [95%
Cl] 1.48 [1.11-1.98]) were associated with higher odds of TFS; conversely, vasopressors
(aOR [95% CI] 0.61 [0.41-0.90]), INR (aOR [95% CI] 0.85 [0.79-0.91]), persistent AKI
(aOR [95% CI] 0.62 [0.44-0.88]), and late-onset AKI (aOR [95% CI] 0.48 [0.26-0.89])
were associated with lower odds of TFS. Noticeably, transient AKI was not associated with
21-day TFS (aOR [95% CI] 1.89 [0.99-3.64]). The discriminative ability of this model was
good (C-statistic [95% CI] 0.75 [0.72-0.78]).

Sensitivity Analysis: Variables Associated With 21-Day TFS Following Exclusion of
Patients With Acetaminophen

Given the known impact of etiology on ALF course and following an interaction analysis
with modeling that yielded similar overall correct classification of cases (70% vs 72%),

we performed a sensitivity analysis. Therefore, following exclusion of 497 patients with
acetaminophen (the most common etiology), the multivariable analysis was performed
including the same covariates, except for etiology (Table S4, Supplementary Digital Content,
http://links.lww.com/CCM/H125).This analysis yielded that only INR was independently
associated with lower odds of 21-day TFS (aOR [95% CI] 0.82 [0.74-0.92]). Therefore,
among patients with ALF caused by etiologies different than acetaminophen, kidney
recovery on day 3 was not associated with 21-day TFS. The discriminative ability for this
model was worse than the previous one (C-statistic [95% CI] 0.64 [0.59-0.69]).

Variables Associated With Receipt of LT Within First 21 Days

Both AKI on days 1 (45.1% vs 67.1%) and 3 (persistent or late-onset: 51.6% vs 65.4%)
were less frequent in patients who received LT by day 21 (end of follow-up of ALFSG
study) compared with those who did not (Table S5, Supplementary Digital Content, http://
links.lww.com/CCM/H125).

Following adjustment for clinically and statistically significant confounders, six variables
were independently associated with receipt of LT by day 21 (Table S6, Supplementary
Digital Content, http://links.lww.com/CCM/H125): age (aOR [95% CI] 0.98 [0.97-0.99]),
acetaminophen (aOR [95% Cl] 0.13 [0.08-0.20]), transient AKI (aOR [95% CI] 0.26 [0.10-
0.68]), persistent AKI (aOR [95% CI] 0.63 [0.43-0.92]), and enrollment greater than or
equal to 2008 (aOR [95% CI] 0.64 [0.45-0.92]) were associated with lower odds of receipt
of LT by day 21; conversely, INR (aOR [95% CI] 1.15 [1.07-1.22]) was associated with
higher odds of receipt of LT by day 21. Noticeably, late-onset AKI was not associated with
21-day LT (aOR [95% CI] 0.97 [0.51-1.85]). The discriminative ability of this model was
good (C-statistic [95% CI] 0.79 [0.75-0.82]).
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DISCUSSION

Key Results and Comparisons With Previous Literature

Previous studies have reported on AKI in patients with ALF. In a multicenter study from the
U.S.-ALFSG (n=1604), AKI was diagnosed in 69.8% of patients with ALF at any time
point during follow-up (1). However, baseline creatinine and AKI criteria considered were
different, which may preclude direct comparisons. In a single-center study from Germany
(n=134), AKI was diagnosed in 40.3% of patients with ALF upon ICU admission, with
stage 3 in 72.2% of those (20). Although AKI definitions used were updated as ours, this
cohort had only 9.7% of patients with acetaminophen against 46.4% in our cohort. This is
relevant because it has been established that AKI is more prevalent among patients with
acetaminophen than with other etiologies (1, 21). This is due to acetaminophen hyperacute
course, characterized by a strong systemic inflammatory response syndrome. Consequently,
there is higher risk of shock, which often leads to AKI. Furthermore, acetaminophen exerts
direct toxicity to kidneys’ cells (22, 23).

Studies on kidney recovery following an episode of AKI in patients with ALF are lacking. In
a single-center study from Portugal (7= 51), AKI was diagnosed in 66.7% of patients with
ALF during the ICU stay (24). Of those patients, 70.6% had persistent AKI, and 29.4% had
transient AKI as per ADQI criteria. In our cohort, among patients with AKI diagnosed on
day 1, 89.3% had persistent AKI and 11.7% had transient AKI on day 3. Both the smaller
sample size and the timeframe used to define AKI in the Portuguese cohort in comparison to
ours may explain such differences.

In our cohort, patients with ALF and persistent or late-onset AKI had lower odds of

21-day TFS than those without AKI on day 3, contrary to those with transient AKI.

In the Portuguese cohort previously mentioned, there was also an association between
persistent AKI and in-hospital survival (23). However, due to the smaller size of this

cohort, this association was poorly studied. Furthermore, we were able to ascertain that both
persistent and late-onset AKI negatively impacted survival. To the best of our knowledge,
this association has been reported in an international cohort of patients with septic shock
(n=5443), but not in patients with ALF (25). Additionally, although survivors at 21 days
without LT had a similar rate of AKI on day 1 (62.3% vs 64.0%) than others, they actually
differed on the type of kidney recovery on day 3. This suggests that the duration of AKI may
have had greater impact on 21-day TFS than its initial diagnosis per se.

In our cohort, although the type of kidney recovery was associated with 21-day TFS for

the whole set of patients with ALF, following exclusion of those with acetaminophen,

this association did not stand. Some specific characteristics of acetaminophen may have
contributed to this: the most frequent single etiology (46.4%), the greatest rate of transient
AKI (58.3% vs < 51%), the lowest rate of 21-day LT (15.6% vs 54.0%), and the greatest rate
of 21-day TFS (62.1% vs 27.7%) (18, 20, 21).

Overall, the following remarks about our findings should be noted. First, AKI on day
1 was highly prevalent among patients with ALF. Second, the duration of AKI had a
differential impact on short-term survival. Therefore, its consideration may be important to

Crit Care Med. Author manuscript; available in PMC 2023 November 27.
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initiate timely preventive and treatment strategies for AKI and better establish these patients’
prognosis (9).

Limitations

The following limitations warrant consideration. First, this retrospective cohort may have
been prone to selection bias. However, the large sample size, multicenter character, and the
use of data from prospectively enrolled patients meeting entry criteria in the U.S.-ALFSG
registry may have minimized the risk of such bias. Second, the study included patients for 18
years; therefore, advances in the standard of care provided may have affected the evolution
of patients” outcomes overtime. To minimize this limitation, the multivariable analysis was
adjusted for time of inclusion. Third, we were unable to capture kidney function variables
prior to study inclusion, whether there was evolving kidney dysfunction or CKD, which may
have influenced the classification of kidney recovery following AKI. However, in a previous
study, the prevalence of CKD in patients with ALF was only 5.5%, a rate presumably

also low in our sample, therefore unlikely to substantially change the definitions of AKI

and kidney recovery we have used (1). Fourth, the use of the MDRD formula to estimate
baseline creatinine may have overestimated AKI diagnosis. However, any estimation of
baseline creatinine has limitations and ADQI suggests that MDRD is the most sensitive for
detecting AKI especially in patients with low risk of CKD (9). Fifthly, we lacked data on
urine output to potentially improve the diagnostic accuracy of AKI (9, 14, 15). However,

in the absence of urine output, serum creatinine continues to be a widely used surrogate to
assess kidney function in critically ill patients. Furthermore, a previous study on ALF did
not find added value by incorporating urine output for AKI diagnosis (24).

Despite these limitations, we believe that our findings add to the literature. To the best of
our knowledge, this is the largest multicenter study to evaluate kidney recovery following
an episode of AKI in patients with ALF. To further study AKI in ALF, studies should
potentially address the following issues: 1) the pathophysiology of AKI and kidney function
work up in different etiologies of ALF, 2) the impact of AKI in ALF for LT selection,

3) and optimized strategies for the management of AKI in ALF, including extracorporeal
circulatory support.

CONCLUSIONS

In a large multicenter cohort of patients with ALF, persistent but not transient AKI was
independently associated with lower short-term TFS. This may help to improve early
management and prognostic assessment of these patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
The association between the stage of acute kidney injury (AKI) on day 1 post inclusion and

kidney recovery on day 3 post inclusion.
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