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Background: Severe acute liver injury (S-ALI) can lead to acute liver and multisystem failure, with high mortality and need
for liver transplantation (LT); however, the burden and impact of liver disease and comorbid conditions are
unknown.

Material/Methods: We assessed liver disease and Charlson Comorbidity Index (CCl) in adults without cirrhosis evaluated for LT at
our center for S-ALI between 2004 and 2017. The study endpoints were 30-day death or LT and 90-day mor-
tality (with LT as a competing risk).

Results: A total of 136 patients with S-ALI were included; 13% had underlying liver disease and a higher Model for End-
stage Liver Disease score than those without liver disease. Sixty patients (41%) died or underwent LT within
30 days. They were older and more frequently female and had disease of autoimmune, viral, or indeterminate
etiology. Transplant-free survival was associated with acetaminophen injury. The mean CCl was higher in pa-
tients with 30-day mortality or LT (1.5+2.4) vs. LT-free survivors (0.8+1.2), (P=0.03). Beyond severity of illness,
CCl was associated with increased 90-day mortality (subhazard ratio 1.17, 95% confidence interval, 1.01-1.35)
but not 30-day mortality or LT in the risk-adjusted analyses.

Conclusions: Comorbidity burden may be an important modifier of transplant-free survival in patients with S-ALI, but fur-
ther studies are needed to validate these findings.
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Material and Methods

Acute liver injury, when severe, can lead to acute liver failure
(ALF) and multisystem failure with high short-term risk of mor-
tality and need for liver transplantation (LT) [1-3]. Medical co-
morbidity is associated with increased mortality in acute and
chronic medical conditions, such as acute coronary syndrome
and congestive heart failure [4-6]. Beyond Model for End-
stage Liver Disease (MELD), comorbidity burden is also inde-
pendently associated with increased risk of 6-month mortality
in patients with suspected drug-induced liver injury, highlight-
ing an important interplay of severity of liver injury and co-
morbidity burden [7]. Patients with less severe liver injury but
significant comorbidities had higher short-term mortality than
patients with more severe liver injury but no or mild comor-
bidities [7]. These findings were also observed in the subset of
patients with underlying liver disease in that study. Underlying
liver disease was associated with more severe liver injury in
a prospectively studied cohort of patients with drug-induced
liver injury [8]. The impact of comorbidity burden and under-
lying liver disease (which contributes to comorbidity burden)
on outcomes in other forms of acute liver injury are not well
described, but they may be most pertinent in patients with
severe acute liver injury (S-ALl) and may inform clinical man-
agement and prognostication. There is no universally accepted
definition of S-ALl; however, Koch et al. [1] have described cri-
teria to define S-ALI that were associated with death or need
for LT in 23% of cases in their study. Therefore S-ALI appears
to be clinically important, and understanding the factors that
can impact outcomes in this context would be meaningful. We
hoped to build on our prior observations that, in addition to the
severity of liver injury, comorbidity burden affected 6-month
mortality in patients with suspected drug-induced liver injury
but in a broader context of patients with S-ALl and consider-
ation of LT. Chronic liver disease is an integral component of
comorbidity burden scores [9,10], but it can also predispose
to more severe liver injury for a given insult with worse out-
comes. While patients with underlying cirrhosis sustaining
S-ALl with ALF are commonly captured and studied in acute-
on-chronic liver failure (ACLF) literature with particularly poor
outcomes [11,12], patients with mild liver disease are gener-
ally excluded from study of acute liver injury and ALF [1,13].
The aim of this study was to test the hypothesis that under-
lying liver disease and comorbidity burden may adversely af-
fect short-term transplant-free survival in patients with S-ALI
in the absence of underlying cirrhosis.

The management of the most severe forms of acute liver in-
jury leading to ALF is predicated on early referral to centers
with LT services. We examined this hypothesis in a cohort of
patients hospitalized for S-ALl, with or without ALF, and who
were consequently referred for LT.
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The study was approved by the Indiana University Institutional
Review Board. We derived the study cohort through a search
of our center’s transplant database for all patients who were
referred for LT due to acute liver injury or failure between 2004
and 2017. This institutional electronic health care database
includes all patients referred for LT at our institution with re-
corded United Network for Organ Donation diagnostic codes.
These codes were used to identify patients considered to have
fulminant liver failure or acute hepatic necrosis. Chart review
was performed on all referred patients, who were screened
for inclusion and exclusion criteria.

We included adult patients with S-ALI with or without ALF.
For the descriptive purposes of the study we defined patients
as having S-ALl based on the laboratory criteria described by
Koch et al. [1], but we did not exclude patients with noncirrhotic
underlying liver disease, including (i) coagulopathy (interna-
tional normalized ratio [INR] >2) (ii) alanine transaminase >10
times upper limit of normal, and (iii) hyperbilirubinemia (to-
tal bilirubin >3 mg/dL) in patients with non-acetaminophen
(APAP)-related liver injury and no bilirubin criterion in pa-
tients with APAP-related liver injury. ALF was defined as INR
>1.5 and hepatic encephalopathy (HE) in patients without un-
derlying cirrhosis [14].

Children (age <18 years) and patients with prior LT or
underlying cirrhosis were excluded

Demographic and clinical data were collected on admission
and throughout hospitalization, including the etiology of liv-
er injury and any documented contraindications for LT candi-
dacy. The presence of underlying liver disease and cirrhosis
was determined by review of clinical documentation and im-
aging data in all cases and by liver biopsy data when avail-
able [15]. Comorbidity burden was measured using the Charlson
Comorbidity Index (CCl), a well-known and validated measure
(Supplementary Table 1) [9]. The CCl is an aggregate of weight-
ed scores for malignancy (solid and or hematologic), liver dis-
ease, diabetes mellitus, renal disease, atherosclerotic disease,
congestive heart failure, rheumatologic disease, AIDS, peptic
ulcer disease, and dementia. Underlying liver disease is an im-
portant component of CCl, but it could also directly contribute
to worse outcomes of liver injury in the cohort. Consequently,
we examined both CCl and underlying liver disease in the study
cohort and in the analysis of study endpoints. The CCl was de-
termined based on only pre-existing conditions and not acute
illness in the context of S-ALI. The study endpoint included 30-
day mortality or LT to reflect very short-term combined end-
points commonly examined in ALF literature, as well as 90-
day mortality more inclusively, with LT as a competing risk.
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Similar to our previous work, we assessed the severity of liver
injury using MELD (7), which has also been shown to predict
transplant-free survival in patients with ALF (16). King’s College
Criteria (KCC) were determined in all cases as high or low risk,
according to APAP and non-APAP etiology of liver injury [3]. We
also examined organ failure scoring using the CANONIC study
Chronic Liver Failure Sequential Organ Failure Assessment (CLIF-
SOFA) score (12). The seminal CANONIC study described ACLF
in 1343 hospitalized patients with cirrhosis and demonstrated
increased short-term mortality [12]. In contrast, the Asia Pacific
Association for the Study of the Liver does not require under-
lying cirrhosis to define ACLF in liver failure developing in pa-
tients with chronic liver disease [17,18]. In the current study,
we defined ACLF as ALF developing in patients with underly-
ing (noncirrhotic) liver disease and examined their outcomes.

In the descriptive analysis, 30-day transplant-free survivors were
compared with patients who died or underwent LT within 30
days of S-ALl. We assessed the impact of underlying liver dis-
ease and CCl on outcomes using 2 complementary regression
analyses, in which MELD was used as the primary measure of
liver injury severity. Logistic regression was used to assess the
predictors of 30-day mortality or LT. Since LT is lifesaving, this
combined endpoint may attenuate the impact of underlying liv-
er disease or CCl on mortality. To assess the risk of short-term
mortality, a competing risk regression analysis was performed
to assess the predictors of 90-day mortality, with LT being ana-
lyzed as a competing risk. As a means of sensitivity testing, we
repeated these analyses by modeling underlying liver disease
and CCl while adjusting separately for non-MELD prediction or
severity of illness scores, including CLIF-SOFA, the recently de-
scribed risk score by the Acute Liver Failure Study Group (ALFSG),
and the KCC score as calculated at presentation [3,12,13]. The
ALFSG risk score incorporates hepatic encephalopathy grade,
etiology of liver failure, vasopressor use, and log transforma-
tions of bilirubin and INR on admission in predicting transplant-
free survival in patients with ALF. Factor V levels were not avail-
able to analyze the factors of interest while adjusting for the
Clichy Criteria (19). While the disease severity scores used in
our analyses are described in patients with ALF, little is known
about their performance in predicting short-term outcomes in
patients with acute liver injury. We performed area under the
receiver operator curve (AUROC) analyses of MELD, CLIF-SOFA,
ALFSG, and KCC and 30-day mortality or LT in the study cohort
and in the subset of patients developing ALF. All analyses were
performed using Stata SE 14 (College Station, TX), and tests
were 2-sided with a significance threshold of P<0.05.

Results

During the study period, 154 adults hospitalized with S-ALI
were referred for LT. We excluded 6 patients for underlying
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cirrhosis, and 12 for acute liver injury not meeting all the lab-
oratory criteria for S-ALl. Among the 136 included patients,
mean age was 37+13 years, 78% were women, and 78% were
white. The leading cause of liver injury was APAP (58%), fol-
lowed by autoimmune hepatitis (7%), ischemic hepatitis (7%),
viral hepatitis (6%), idiosyncratic drug-induced liver injury (5%),
and other etiologies (6%). The etiology of liver injury was un-
determined in 10% of cases. Among the study cohort, 18 pa-
tients (13%) had underlying liver disease. The mean CCl was
1.2+0.2, with a distribution of scores as follows: 0 in 55%, 1
in 18%, 2 in 12%, 3 in 7%, and >3 in 9%.

During the follow-up period, 60 (44%) patients met the com-
bined endpoint of 30-day mortality or LT. They included 41 pa-
tients (30%) who died and 19 patients (14%) who underwent
LT within 30 days. Among the 42 patients who died without LT,
35 deaths (85%) were liver related. We also observed 3 early
post-LT death (within 30 days of presentation). Patients who
died or underwent LT within 30 days were older, more frequent-
ly women, and less frequently had APAP liver injury (Table 1).
These patients also presented with worse laboratory parame-
ters and MELD and CLIF-SOFA scores, and were more likely to
have liver, respiratory, renal, and circulatory failure compared
with 30-day transplant-free survivors (Table 1). These patients
also had more frequent underlying liver disease, but this dif-
ference did not reach statistical significance. They also had sig-
nificantly higher CCl, 1.5+2.4 vs. 0.8+1.2, (=0.03), respective-
ly (Figure 1). Between 30 and 90 days, 2 patients underwent
LT and 4 patients died. Patients who died without LT or those
undergoing LT within 90 days tended to be older than survi-
vors, with higher CCl and higher MELD and CLIF-SOFA scores.
They also had relatively less frequent APAP-related liver inju-
ry than survivors (Supplementary Table 2).

Non-APAP liver injury was more common in women (44%)
compared with men (30%), mainly due to higher autoimmune
(8% vs. 3%), drug-induced liver injury (7% vs. none), and in-
determinate liver injury (12% vs. none), (P=0.09), respective-
ly. Otherwise, women and men had similar mean MELD scores
(31+13 vs. 31+13), CLIF-SOFA scores (11+4 vs. 11+4), and CCl
(1.242 vs. 0.941) at presentation.

Underlying liver disease

Patients with underlying liver disease had similar age (38+12
vs. 36%13) and sex (72% vs. 79% women) compared with pa-
tients without underlying liver disease. They had higher MELD
(3549 vs. 30+10; P=0.01) and CLIF-SOFA (12.2+3.5 vs. 10.6+4.3;
P=0.09) scores at presentation compared with patients with-
out underlying liver disease, respectively. They also had more
frequent autoimmune (17% vs. 6%), viral (11% vs. 5%), and
indeterminate (22% vs. 8%) etiology of S-ALl but less fre-
quent APAP-related liver injury (28% vs. 64%) compared with
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Table 1. A comparison of demographic and clinical characteristics of patients surviving hospitalization vs. dying or undergoing liver
transplantation within 30 days of hospitalization for acute liver injury. Data are shown as mean+standard deviation or
number (percentage).

Hospitalization or 30- Died or transplant
day survivor within 30 days P-value
n=76

All patients
N=136

Race (%)

Caucasian 106 (78) 62 (82) 44 (73)

Black 20 (15) 9 (12) 11 (18)

Hispanic 4 (3) 2 (3 2 (3) 0.4
Asian 5 @ 2 (3 3 (5

Unknown 1 (1) 1 (1) None

Etiology of liver injury n (%

Acetaminophen injury 80 (58) 57 (75) 23 (38)

Autoimmune hepatitis 10 (7) 1 (1) 9 (15)

Drug-induced liver injury 7 (5 2 (3 5 (8) <0.001
Ischemic hepatitis 10 (7) 6 (8) 4 (7)

Viral 8 (6) 2 (3 6 (10)

Undetermined 13 (10) 2 (3 11 (18)

Other 8 (6) 6 (8) 2 (3

Underlying liver disease n(%) 18 (13) 7 9 11 (18) 0.12
Charlson Comorbidity Index 1.1+1.8 0.8+1.2 1.5+2.4 0.03
International normalized ratio 4.3+3 3.3+1.7 5.7+3.7 <0.001
Bilirubin mg/dL 7.247.8 4.55 10.849.3 <0.001
Creatinine mg/dL 1.7+1 IR 1.8+1.4 0.7
Clinical presentation n (%)

Hepatic encephalopathy 112 (82) 54 (71) 59 (98) <0.001
Jaundice 94 (69) 47 (62) 47 (78) 0.04
Ascites 40 (29) 17 (22) 23 (38) 0.04
Renal failure 93 (68) 46 (60) 47 (78) 0.03
Received N-acetyl cysteine n (%) 105 (77) 67 (88) 38 (63) 0.001
Received steroids n (%) 15 (11) 4 (5 11 (18) 0.02
Admitted to intensive care unit n (%) 120 (90) 62 (83) 58 (98) 0.003
Mechanical ventilation n (%) 83 (63) 28 (38) 55 (93) <0.001
Renal replacement therapy n (%) 52 (42) 17 (24) 35 (66) <0.001
Vasopressors n(%) 51 (58) 15 (21) 36 (71) <0.001
Model for End-stage Liver Disease 30.7+9.9 26.8+9.1 36.3+8.2 <0.001
CLIF-SOFA 10.8+4.2 9.2+3.8 12.8+3.9 <0.001
Met high risk Kings College Criteria n (%) 38 (28) 15 (20) 23 (39) 0.02
Developed ALF at any time n (%) 114 (84) 55 (72) 59 (98) <0.001

ALF — acute liver failure; CLIF-SOFA — Chronic Liver Failure Sequential Organ Failure Assessment
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Clustered bar count of Charlson Comorbidity Index by 30-day outcome

Figure 1. A comparison of Charlson Comorbidity
Index scores in patients surviving

50 — hospitalization vs. dying or undergoing
30-day outcome liver transplantation within 30 days of
0 Survived acute liver injury.

40 — Il Death or liver transplant Jury

Count
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Table 2. Underlying liver disease in patients surviving hospitalization vs. dying or undergoing liver transplantation within 30 days of
hospitalization for acute liver injury. Data are shown as number (percentage).

All patients

N=18

Hospitalization or Died or transplant

Underlying liver conditions n (%)

Alcohol 6 (33)
Viral 7 (39)
Autoimmune 3 (17)
Fatty liver None
Other 2 (11)

30-day survivor within 30 days P-value
n=7 n=11
5 (71) 1 (9
2 (29) 5 (45)
None 3 (27) 0.04
None None
None 2 (18)

patients without liver disease (P=0.03). Although there were
no sex differences in the presence of pre-existing liver disease,
the type of underlying liver diseases differed by sex. We ob-
served more frequent underlying viral (46% vs. 20%) and au-
toimmune (23% vs. none) conditions among women vs. men
with pre-existing liver disease (P=0.07).

ALF developed in 17 (94%) of 18 patients with underlying liv-
er disease, compared with 97 (82%) of 118 patients with-
out liver disease (P=0.2). In other words, almost all patients
with underlying liver disease, albeit nonadvanced, developed
ACLF per the study definition. Hence the analysis of the im-
pact of underlying liver disease in this cohort largely reflect-
ed the impact of ACLF as well. The underlying liver conditions
that were more frequently observed in patients who died or
underwent LT within 30 days included viral and autoimmune
disease, which were more common in women. In contrast, the
liver condition observed more frequently in 30-day transplant-
free survivors was alcohol related (Table 2). In aggregate, these
observations point to potential sex-based differences in rela-
tion to outcomes, predominantly related to favorable 30-day
transplant-free survival with APAP-related injury and in men
vs. women (81% vs. 53%; P=0.06). The respective outcomes
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were similar for men and women with non-APAP-related liver
injury (25% vs. 32%, respectively).

Comorbidity conditions in CCI

The most common comorbid conditions contributing to CCl in
the cohort included underlying liver disease (13%), diabetes
mellitus (14%), peptic ulcer disease (12%), chronic obstructive
pulmonary disease (11%), and solid tumors (6%). Of these, only
solid tumors were significantly more frequent in patients who
died or underwent LT within 30 days (Table 3).

LT evaluation and outcomes

The clinical records were scrutinized for documented contrain-
dications to LT, and these were compared in patient who died
or underwent LT within 30 days vs. 30-day transplant-free sur-
vivors (Table 4). Although the number of contraindications were
similar between the groups, the types of contraindications dif-
fered. Substance abuse and psychiatric disease were more fre-
quent contraindications in 30-day survivors, whereas being
too sick to undergo a transplant was a more frequent contra-
indication in those who died within 30 days. Outcomes of LT
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Table 3. A comparison of individual comorbidities in patients surviving hospitalization vs. dying or undergoing liver transplantation
within 30 days of hospitalization for acute liver injury. Data are shown as number (percentage).

Hospitalization or

Died or transplant

30-day survivor within 30 days P-value
n=76 n=60

Diabetes without complications n (%) 13 (10) 8 (10) 5 (8) 0.9
Diabetes with complications n (%) 6 (4 3 (4 3 (5 ’
Peptic ulcer disease n (%) 16 (12) 7 (9 9 (15) 0.3
Chronic pulmonary disease n (%) 15 (11) 11 (14) 4 (7) 0.15
Liver disease (mild) n (%) 28 (13) 7 (9 11 (18) 0.12
Solid tumor - localized n (%) 6 (4) None 6 (10) 0.02
Solid tumor — metastatic n (%) 2 (1) 1 (1) 1 (2 :

—_
—

—
—

Acquired immunodeficiency syndrome n (%)

No patients had leukemia, hemiplegia, dementia or peripheral vascular disease.

evaluation were examined for descriptive purposes. Among a
small subset of 30-day survivors who were listed for LT, more
than half improved without LT.

Factors associated with mortality and LT

Twenty-one survivors had less than 30-day follow-up (mean
age 3013, median CCI 0 [interquartile range, 0, 0], 92% APAP-
related S-ALl, mean follow-up 8+5 days). These patients were
excluded from the logistic regression analysis of 30-day mor-
tality or LT. However, they were included in the time to event
(competing risk) analysis of mortality within 90 days.

We examined the association of clinical factors at presenta-
tion with 30-day combined endpoint of mortality or LT with
simple and multiple logistic regression. The factors associat-
ed with increased risk on simple logistic regression included
MELD score, while APAP-related liver injury was associated
with reduced risk (Table 5). Factors not associated with the
endpoint included underlying liver disease, race, and treat-
ments of S-ALl or ALF (N-acetyl cysteine or steroids). The mul-
tiple logistic regression was controlled for age, sex, and APAP-
vs. non-APAP-related liver injury. Severity of liver injury (MELD
score) was associated with 30-day mortality or LT. The CCl was
not associated with the endpoint on the risk-adjusted analy-
sis. APAP-related liver injury was associated with reduced 30-
day mortality or LT. The findings were similar with introduc-
tion of interaction terms between sex and APAP-related liver
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injury. A post hoc power analysis indicated that the sample
size was only 35% powered to detect the observed differenc-
es in 30-day mortality or LT in patients with and without un-
derlying liver disease.

We examined the association of baseline clinical factors at
presentation with 90-day mortality, but with LT as a compet-
ing risk. Factors not associated with the 90-day mortality in
the univariable analysis included age, race, underlying liver
disease, and treatment for S-ALl or ALF. The factors associat-
ed with 90-day mortality in the risk-adjusted analysis includ-
ed CCl and MELD score (Table 6). Sensitivity analyses were
performed to assess the risk-adjusted associated of CCI with
mortality in the competing risk regression using 30 day (sub-
hazard ratio 1.2, 95% confidence interval [95% Cl] 1.05-1.38;
P=0.009), 180 day (subhazard ratio 1.2, 95% CI 1.05-1.38;
P=0.009), or time unrestricted analyses (subhazard ratio 1.2,
95% Cl 1.04-1.38; P=0.01). APAP-related liver injury was not
associated with 90-day mortality, but the other findings were
similar when we included interaction terms between sex and
APAP-related liver injury.

Additional sensitivity analyses were performed to assess how
different models of severity of liver injury or illness, beyond
MELD, might influence the association of CCl or underlying liv-
er disease with 30-day and 90-day outcomes (including CLIF-
SOFA, ALFSG, and KCC in lieu of MELD-based modeling). The
CCl was not associated with 30-day mortality or LT on multiple
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Table 4. Evaluation and contraindications for liver transplant candidacy in patients surviving vs. dying or undergoing liver
transplantation within 30 days after acute liver injury. Data are shown as number (percentage).

Result of liver transplant evaluation n (%) 56

Denied/not candidates 10 (4(;;
Died before completing evaluation or listing 35 (26)
Improved
Listed B
*Contraindications for liver transplantation n (%)
35 (26)
Substance abuse
C 23 (17)
Psychiatric disease 7 6
Poor compliance 6 ()
Inadequate social support 4 ()
Malignancy
- 3 (2
Cardiac 5 ()
Too sick to be listed 1)
Lack of insurance
Comorbidity impacted candidacy in course of
. 9 (7)
evaluation n (%)
T %
L(:)t:é number of contraindications n (%) 75 (55)
: 40 (29)
19 (14)
2 2 @
3
Result of listing n (%) N=35
Died 8 (23)
Improved 4 (11)
Transplanted 23 (66)

Hospitalization or 30- Died or transplant

day survivor within 30 days P-value
n=76 n=60
36 (47) 20 (33)
None 10 (17)
33 (43) 2 ) <0.001
7 9 28 (47)
25 (33) 10 (17) 0.03
18 (24) 5 (8 0.02
5 (7) 2 (3) 0.4
4 (5 2 (3 0.6
1 (1 3 (5 0.2
1 (1) 2 (3 0.4
None 5 (8) 0.01

,,,,,,,,,,,,,,,,,,,, None oo LD 9
2 (3 7 (12) 0.04
38 (50) 37 (62)
24 (32) 16 (27) 0.4
12 (16) 7 (12) ’
2 (3) None
""""""""""" n=7 =28

1 (14)** 7 (25)
4 (57) None <0.001
2 (29)** 21 (75)

* Patients could have multiple contraindications; ** Death or liver transplant more than 30 days after presentation

logistic regression analysis while adjusting for (i) CLIF-SOFA, (ii)
the ALFSG risk score, or (jii) the KCC (Supplementary Table 3).
However, the CCl was associated with 90-day mortality on the
competing risk analysis (significantly or trend) while adjusting
for (i) the CLIF-SOFA (subhazard ratio 1.13, 95% Cl 0.97-1.31;
P=0.10), (ii) the ALFSG risk score (subhazard ratio 1.19, 95%
C11.03-1.037; P=0.014), or (iii) the KCC (subhazard ratio 1.15,
95% Cl 0.99-1.3; P=0.054).

The regression analyses were repeated in the 114 patients
who developed ALF (55 survived without LT, and 59 died or un-
derwent LT within 30 days). The CCl was not associated with
30-day mortality or LT in models based on MELD, CLIF-SOFA,
ALFSG, and KCC. However, CCl was associated with a trend
for increased 90-day mortality in the competing risk model
based on MELD and ALFSG scores, but not CLIF-SOFA or KCC
(Supplementary Table 4).

The AUROCs (95% CI) for predicting 30-day mortality or LT
in all patients (S-ALl with or without ALF) were MELD, 0.74
(0.65-0.84); CLIF-SOFA, 0.73 (95% Cl 0.63-0.82); ALFSG, 0.69
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(95% Cl 0.58-0.79); and KCC, 0.57 (95% Cl 0.5-0.66). The
AUROCs (95% Cl) for the same endpoint only in patients de-
veloping ALF were MELD, 0.72 (0.61-0.83); CLIF-SOFA, 0.69
(0.58-0.8); ALFSG, 0.65 (0.54-0.77); and KCC, 0.56 (0.46-0.65),
respectively.

Discussion

Our examination of all adults evaluated for LT for S-ALI dem-
onstrated that approximately 1 in 8 patients had underlying
liver disease, and roughly half carried some comorbidity as
measured by the CCl. Notably, by definition CCl incorporates
a severity-adjusted component for underlying liver disease. In
this cohort, underlying liver disease had a limited contribu-
tion to differences in comorbidity burden as measured by CCl
(1 point for mild liver disease, and cirrhosis was excluded). All
models were adjusted for the presence of underlying liver dis-
ease. Overall comorbidity burden independently affected 90-
day transplant-free survival, but not combined 30-day mortality
or LT. Although the analysis of the latter endpoint was limited
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Table 5. The logistic regression analysis of predictors of 30-day mortality or liver transplantation in patients with severe acute liver
injury referred for liver transplantation.

Simple logistic regression

Multiple logistic regression

Variable 0dds ratio

(95% confidence interval)

0Odds ratio
(95% confidence interval)

ccl 1.18 (0.96-1.46) 0.1 117  (0.9-1.5) 0.3

© Underlying liver disease 15 (0643 04 04 (117) 02
CAge 103 (099-1.06 007 099 (096-104) 09
MELD 111 (106-117) <0001 *114 (L07-12) <0001
 Female gender 21 (0854 o1 3 (08-104) 009
 APAPetiology 01 (0105 0001 02 (007-054) 0002

APAP — acetaminophen; CCI — Charlson Comorbidity Index; MELD — model for endstage liver disease. * The results were similar when
the multiple logistic regression was controlled for interactions of gender and APAP etiology of liver disease.

Table 6. The competing risk regression analysis of predictors of mortality within 90 days, with liver transplantation as a competing
risk, in patients with severe acute liver injury referred for liver transplantation.

Univariable analysis

Multivariable analysis

Variable Sub-hazard ratio (95%

confidence interval)

Sub-hazard ratio (95%
confidence interval)

ccl 1.18 (1.03-1.35) 0.014 *1.17 (1.01-1.35) 0.037
© Underlying liver disease 09 (042 08 04 @11 007
Cmeo 105 (102-108) <0001 107 (L0311 <0001
Femalegender 25 (09961 005 28 (Loa77) 004
 APAPetiolgy 06 (0310 006 07 (418 03

APAP — acetaminophen; CCI — Charlson Comorbidity Index; MELD — model for endstage liver disease. * The results were similar when

the multivaraible competing risk regression was controlled for interactions of gender and APAP etiology of liver disease.

by a smaller sample size, it is possible that CCl may not predict
the need for LT per se and affects outcomes mainly through in-
creased mortality risk. The focus on comorbidity burden in this
context, as quantified by CCl, was relatively novel. This helped
quantify the risk associated with comorbidity burden for the
outcomes of interest in this population. In addition, modeling
the severity of liver injury by MELD, CLIF-SOFA, or ALFSG or KCC
scores, as a means of sensitivity analysis, did not obviate the
association of comorbidity burden with increased short-term
mortality. If validated, these findings could significantly im-
prove prognostic models used in determining mortality risk in
patients presenting with S-ALl. The comparison of MELD, CLIF-
SOFA, ALFSG, and KCC in the prediction of 30-day death or LT
using AUROC in patients with S-ALI was also of interest. While
MELD and CLIF-SOFA performed the best in S-ALl or ALF, these
scores are not specifically validated for outcomes in acute liv-
er injury as defined by this study; however, these data sup-
port their use as a measure of disease severity in this cohort.

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

The inclusive definition of the study cohort allowed us to de-
scribe and assess the impact of underlying noncirrhotic liver
disease, an entity that would otherwise be excluded in a strict
definition of ALF or acute liver injury [1,13]. We observed under-
lying liver disease in approximately 1 in 8 patients with S-ALl,
with a numerically higher frequency of underlying liver disease
in patients with 30-day mortality or LT. Although this finding
was not statistically significant, a post hoc power analysis in-
dicated that the study cohort was not sufficiently powered to
detect the observed higher rate of death or LT within 30 days
in that subset of patients. The presence of any underlying liv-
er disease was associated with higher MELD and CLIF-SOFA
at presentation and all but one of these patients developed
ALF, and hence ACLF, signifying clinical importance despite the
statistical limitations. Outcomes also differed by the types of
underlying liver diseases due to increased frequencies of viral
and autoimmune liver disease in patients who died or under-
went LT. Here we observed sex-based differences. Specifically,
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women had more autoimmune and viral liver disease and ex-
perienced more autoimmune and indeterminate etiologies of
S-ALl, but they had less frequent APAP-related S-ALl. In ad-
dition, men had more favorable outcomes even with APAP-
related injury, as others have reported [20]. All these factors
were associated with relatively worse outcomes in the descrip-
tive analysis and are supported in part by previous reports on
the impact of etiology of liver injury and sex on outcomes in
ALF [21-25]. Taken together these findings suggest that larg-
er studies are needed in S-ALl occurring in patients with pre-
existing noncirrhotic liver disease given the high rates of ACLF
and potential sex-based interactions.

In this cohort, CCl emerges as an important modifier of outcomes
in patients with S-ALl, but that association was attenuated and
lost statistical significance when analyzed only in patients de-
veloping ALF by strict definition. This result may be related to
a true lack of association in patients with more severe liver in-
jury, in which the liver injury is the overwhelming determinant
of mortality or need for LT. However, it may also be related to
sample size limitations and the need for a larger cohort to ad-
equately power the analysis. Interestingly, the subhazard ratio
values for CCl in the competing risk models for 90-day mortality
adjusting for MELD, CLIF-SOFA, ALFSG, and KCC (and underlying
liver disease in all models) were relatively uniform despite the
lack of statistical significance. These findings suggest that larger
studies are needed to better elucidate the impact of CCl on mor-
tality or need for LT in patients with acute liver injury and ALF.

The inclusion of patients with both acute liver injury and ALF in
our study brought up an interesting observation. Although not
all patients referred to our center for LT consideration had or
developed ALF, even the transplant-free survivors were demon-
strably severely ill, justifying transplant referrals in the course
of care. We also briefly examined the 12 excluded patients with
acute liver injury without cirrhosis but not meeting the labora-
tory criteria that we used to define S-ALl. Interestingly 3 (25%)
of the 12 died or underwent LT within 30 days, similar to rates
reported by Koch et al. [1] in strictly defined S-ALI (23%). This
suggests that a definition of S-ALI may be more inclusive and
remains undetermined. It also underscores the merits of un-
derstanding the determinants of outcomes in patients with
S-ALlin clinical practice, even in the absence of established ALF.

Localized solid tumors were observed in 4% of patients but
were more frequent in patients who died within 30 days, and
they were identified as barriers to LT candidacy in most of
those cases. Otherwise, medical contraindications to LT can-
didacy were not directly related to a specific comorbid condi-
tion captured by the CCl and affected a limited number (7%)
of patients. The majority of contraindications to LT were re-
lated to psychosocial and behavioral factors, which predomi-
nated in patients with APAP-related liver injury, which in turn
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was associated with significantly better transplant-free surviv-
al. This finding may explain why contraindications to LT candi-
dacy did not affect outcomes in the study cohort.

Limitations

We acknowledge a number of limitations of the study, includ-
ing the small sample size, retrospective design, and lack of
an accepted definition of S-ALl. Sample size specifically limit-
ed our ability to assess the impact of underlying liver disease
on mortality and LT. These limitations were unavoidable, de-
spite the high volume (1961) of primary liver transplants per-
formed at our center during the study period. Since the study
patients were referred to our center for LT, the actual start
date of S-ALl could not be reliably determined, and using the
admission date as the reference for 30-day outcomes could
have affected the related analyses. However, we believe that
these patients would have had a high priority for admission,
and we suspect there would have been little if any delay in
admission to the study center after referral. A referral bias for
more severe cases of acute liver injury may also affect our co-
horts’ characteristics and analysis results in the context of LT
referral. We also did not have laboratory data such as Factor
V to calculate additional ALF criteria scores [19]. Thirty-day
follow-up was also missing for some patients who were dis-
charged to home. The majority of those patients were young
with CCl=0 and rapidly resolving APAP-related liver injury at
the time of discharge, and they would have been expected to
recover from S-ALl. They were included in the competing risk
analysis of 90-day mortality. The use of the 30-day time point
for mortality or LT missed 10% of overall events (occurring af-
ter 30 days). However, this time frame allowed the optimal bal-
ance of capturing the majority of patients with these endpoints
while maintaining a critical sample size of evaluable patients
with documented follow-up for the logistic regression analysis.

Conclusions

In summary, nonadvanced underlying liver disease and medi-
cal comorbidity burden are prevalent in patients with S-ALl re-
ferred for LT. Underlying liver disease is associated with more
severe liver injury, while severity of injury and overall comor-
bidity burden are associated with decreased 90-day transplant-
free survival. These findings warrant further investigation, and
if validated, incorporating comorbidity scores could improve the
accuracy of prognostic models available to patients and clinicians
and guide earlier referral to LT centers in patients with S-ALI.

Ethical statements

This study was approved by the Indiana University Institutional
Review Board (IRB protocol number 1804254172).
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Supplementary Table 1. The conditions composing the Charlson Comorbidity Index as described by Charlson et al. [9].

Charlson Comorbidity Index comorbid conditions

Clinical scenarios

(score weight)

Acquired Immune Deficiency Syndrome (6)

Cerebrovascular disease or transient ischemic
attack (TIA) (1)

Myocardial infarction (1)

Not just HIV positive, includes patients with HIV, CD4 count <200, or
the presence of AIDS-defining condition regardless of the CD4 count
(opportunistic infections or malignancies)

Exclude if >5years from dx,
Exclude non-melanoma malignant neoplasm of skin

Includes lymphosarcoma, Hodgkins Waldenstrom’s, macroglobulinemia,
myeloma, and other lymphomas

Includes acute or chronic myelogenous or lymphocytic leukemia, and
polycythemia vera

— Mild includes serum creatinine of 2-3 mg

— Moderate includes serum creatinine of >3 mg

— Severe renal disease includes patients on dialysis, those who had a
transplant, and those with uremia

With end-organ damage includes Retinopathy, neuropathy, nephropathy or
brittle diabetes

Without end-organ damage includes all others treated with insulin or oral
hypoglycemics, but not diet alone

Moderate: cirrhosis with portal hypertension without variceal bleed
Severe: Cirrhosis with variceal bleed

Includes patients who have required treatment for peptic ulcer disease,
including those who have bled from ulcers

Systemic lupus erythematous, polymyositis, mixed connective tissue
disease, polymyalgia rheumatic, rheumatoid arthritis, etc

Includes patients with intermittent claudication or those who had a bypass
for arterial insufficiency, those with gangrene or acute arterial insufficiency,
and those with untreated thoracic or abdominal aortic aneurysm (6 cm or
more)

Clinical review and includes patients who have had exertional or paroxysmal
nocturnal dyspnea and who have responded symptomatically (or on
physical exam) to digitalis, diuretics, or afterload reducing agents

Includes patients with one or more definite or probable Myocardial
infarctions. These patients had been hospitalized and had ECG and/or
enzyme changes. Not just ECG changes only
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Supplementary Table 2. A comparison of salient demographic and clinical characteristics of patients who survived, underwent liver
transplantation, or died within 90 days of presenting with severe acute liver injury. Data are shown as
meanzstandard deviation or number (percentage).

Survived without LT Underwent LT Died without LT
n=71 n=21 n=44

Race (%) 57 (80) 11 (52) 38 (86) 0.1
Caucasian 9 (13) 6 (29) 5 (11)

Black

Etiology of liver injury n (% 55 (77) 5 (24) 20 (45) <0.001
Acetaminophen injury 1 (1) 5 (24) 4 (9

Autoimmune hepatitis 2 3 3 (14) 2 4

Drug-induced liver injury 5 @) 2 09 3 @

Ischemic hepatitis 2 (3) 2 9 5 (9

Viral 2 (3) 3 (14) 8 (18)

Undetermined 4 (6) 1 (5 3 (7

Other

Underlying liver disease n (%) 7 (10) 6 (29) 5 (11) 0.08
Charlson Comorbidity Index 0.8+1.2 1219 1.6+2.5 0.07
Model for End-stage Liver Disease 26.749.1 36.9+7.8 35.1+9 <0.001
CLIF-SOFA 9.3+3.7 11.1+4.5 13+4 <0.001
Developed ALF at any time n (%) 50 (70) 21 (100) 44 (100) <0.001

ALF — acute liver failure; CLIF-SOFA — Chronic Liver Failure Sequential Organ Failure Assessment.

Supplementary Table 3. The association of the Charlson Comorbidity Index with 30-day mortality or liver transplantation by multiple
logistic regression, and 90-day mortality by multivariable competing risk regression analyses when modeled
with different severity of illness scores.

Kings College Criteria

Model covariates *MELD model *CLIF-SOFA model ALFSG model model
Multiple logistic ** Odds ratio (95%  P-  **0dds ratio (95%  P- Od(ds ratio (95% P- Odds ratio (95% P-
regression confidence interval) value confidence interval) value confidence interval) value confidence interval) value
Charlson
Comorbidity
Index

Underlying liver
disease

Multlva.rlabl.e p. * Odds ratio (95% p. Sub-hazard ratio p. Sub-hazard ratio p.
competing risk  (95% confidence . (95% confidence (95% confidence
. . value confidence interval) value . valu . value
| el ) . ) . ) ]
Charlson
o 1.17 1.13 1.19 1.15
Icnczjrz)‘:rb dity @wor-135) %% (097-131) o1 wo-137) %% (09913 00
* Underlyingliver 04 o7 . o7 . o1
disease 0.1-1.1) 007 (0.3-16) 03 (0.2-18) 04 0.3-1.7) 0->

ALFSG — Acute Liver Failure Study Group; CLIF-SOFA — chronic liver failure-sequential organ failure assessment; KCC — Kings College
Criteria; MELD — model for endstage liver disease. * Analyses were controlled for gender and APAP etiology of liver injury based on
their impact in the non-adjusted analysis (p-value <0.1). The results were similar when the multiple logistic regression was controlled
for interactions of gender and APAP etiology of liver disease. # Analysis was controlled for patient age based on its impact in the
unadjusted analysis (p-value <0.1).
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Supplementary Table 4. The association of the Charlson Comorbidity Index with 30-day mortality or liver transplantation by multiple
logistic regression, and 90-day mortality by multivariable competing risk regression analyses when modeled
in the 114 patients with acute liver failure with different severity of illness scores.

Kings College Criteria

Model covariates *MELD model *CLIF-SOFA model ALFSG model model

Multiple logistic ** Odds ratio (95%  P- *# Odds ratio (95%  P- Odds ratio (95% P- Odds ratio (95% P-
regression confidence interval) value confidence interval) value confidence interval) value confidence interval) value
Charlson

- 1.14 1.03 1.19 1.08
Comorbidity (0.9-1.5) 03 (0.8-1.3) 08 (0.9-1.5) 0.16 (0.9-1.3) 03
Index
Underlying liver 0.5 0.9 0.9 1.4
disease (0.1-2.1) 03 (03-3.2) 09 (0.3-3.5) 09 (0.5-4.2) 06
Multlva‘rlabl'e Sub-hazar.’d ratio p. * Odds ratio (95% p. Sub-hazard ratio p. Sub-hazard ratio .
competing risk  (95% confidence . (95% confidence (95% confidence

. . value confidence interval) value X lue . lue
regression interval) interval) interval)
Charlson

- 1.14 1.11 1.14 1.11
Comorbidity (0.98-1.33) 0.08 (0.96-1.3) 0.16 (0.98-1.32) 0.07 (0.97-1.3) 0.13
Index
Underlying liver 0.4 0.7 0.7 0.7
disease (0.1-1.2) 0.11 (0.3-1.6) 04 (03-1.8) 04 (0.3-1.6) 04

ALFSG — Acute Liver Failure Study Group; CLIF-SOFA — chronic liver failure-sequential organ failure assessment; KCC — Kings College
Criteria; MELD — model for endstage liver disease. * Analyses were controlled for gender and APAP etiology of liver injury based on
their impact in the non-adjusted analysis (p-value <0.1). The results were similar when the multiple logistic regression was controlled
for interactions of gender and APAP etiology of liver disease. # Analysis was controlled for patient age based on its impact in the
unadjusted analysis (p-value <0.1).
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