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Abstract

Background and aims

We hypothesized that a drug’s clinical signature (or phenotype) of liver injury can be
assessed and used to quantitatively develop a computer-assisted DILI causality assess-
ment-tool (DILI-CAT). Therefore, we evaluated drug-specific DILI-phenotypes for amoxicil-
lin-clavulanate (AMX/CLA), cefazolin, cyproterone, and Polygonum muitiflorum using data
from published case series, to develop DILI-CAT scores for each drug.

Methods

Drug specific phenotypes were made up of the following three clinical features: (1) latency,
(2) R-value, and (3) AST/ALT ratio. A point allocation system was developed with points
allocated depending on the variance from the norm (or “core”) for the 3 variables in pub-
lished datasets.

Results

The four drugs had significantly different phenotypes based on latency, R-value, and AST/
ALT ratio. The median cyproterone latency was 150 days versus < 43 days for the other
three drugs (median: 26 for AMX/CLA, 20 for cefazolin, and 20 for Polygonum multiflorum;
p<0.001). The R-value for the four drugs was also significantly different among drugs
(cyproterone [median 12.4] and Polygonum multiflorum [median 10.9]) from AMX/CLA
[median 1.44] and cefazolin [median 1.57; p<0.001]). DILI-CAT scores effectively separated
cyproterone and Polygonum multiflorum from AMX/CLA and cefazolin, respectively
(p<0.001). As expected, because of phenotypic overlap, AMX/CLA and cefazolin could not
be well differentiated.
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Conclusions

DILI-CAT is a data-driven, diagnostic tool built to define drug-specific phenotypes for DILI
adjudication. The data provide proof of principle that a drug-specific, data-driven causality
assessment tool can be developed for different drugs and raise the possibility that such a
process could enhance causality assessment methods.

Introduction

Drug-induced liver injury (DILI) is an important cause of acute liver injury and liver-related
morbidity and mortality [1-4]. DILI is also a major concern in drug development and post-
marketing surveillance, as evidenced by hepatotoxicity being a leading cause for market with-
drawal of licensed drugs [5, 6]. Moreover, DILI diagnosis is extremely challenging, as liver bio-
chemistry abnormalities may be occurring even in absence of clear cause of liver injury [7-9].

Unlike diseases such as viral hepatitis, where diagnostic testing may confirm or exclude the
diagnosis with high sensitivity and specificity, DILI is a diagnosis based on clinical suspicion
and exclusion of other causes of liver diseases. A variety of causality assessment methods
(CAM:s) have been developed and often use point-scoring systems (i.e., Roussel Uclaf Causality
Assessment Method [RUCAM], “clinical diagnostic scale” [CDS]) [10-12]. Interestingly, these
systems typically use slightly different algorithms for hepatocellular vs. mixed or cholestatic
liver injury pattern. This approach is not borne out by available data. Importantly, this
approach does not include a drug specific component to be included in the causality
assessment.

A structured expert opinion process, such as that described by the Drug Induced Liver
Injury Network (DILIN), has been shown to be superior to RUCAM [13]. We have previously
shown that different drugs have different clinical DILI characteristics or phenotypes [14] and
therefore, we speculate that one of the reasons that expert opinion is superior to RUCAM is
that experts recognize drugs’ specific clinical phenotypes (i.e., its “signature” or typical charac-
teristics). Unfortunately, a major limitation of the expert opinion approach is that it is not
widely available in clinical practice and is thus not generalizable. Of note, broad phenotype
characteristics for DILI events are provided in “LiverTox®” https://www.ncbi.nlm.nih.gov/
books/NBK547852, however, there is no data-driven DILI phenotype currently in use for
numeric assessment (scoring) of potential DILI cases.

Here, we hypothesized that certain clinical DILI features are typical for certain drugs, and
that these make up a typical phenotype or signature, and such drug-specific DILI phenotypes
could be used to develop a novel and quantitative DILI causality assessment tool (DILI-CAT)
by incorporating data-driven drug-specific DILI phenotypes into the adjudication process.
Therefore, we aimed to create a quantitative data-driven algorithm (DILI-CAT) based on
drug-specific DILI phenotypes using characteristic DILI features. Based on our experience in
DILI adjudication, we believe that clinical features including latency and biochemical patterns,
are the most frequently used variables that inform the specific phenotype or characteristic fea-
tures of a specific drug. Of biochemical features, the R-value (the ratio of alanine aminotrans-
ferase ALT to the upper limit of normal for (ALT) / alkaline phosphatase (ALP) to the upper
limit of normal for ALP), is the biochemical variable most frequently utilized. Based on our
own experience, we further hypothesized that the AST/ALT ratio may also be helpful in distin-
guishing a drug’s specific phenotype [15].
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Methods

We performed a literature search using PubMed to identify published case-series studies that
included more than 10 cases prior to 2019 that reported clinical features in patients with DILI
caused by a single specific drug. Case studies and series of various drugs have been reported in
the literature, but very few have reported patient level data. We were only able to identify four
case series that fulfilled the requirement of having detailed patient-level data for latency,
defined as time between drug start and liver injury onset, R-value, and AST/ALT ratio at
onset. The four studies identified included one study for each of the following four drugs:
Cyproterone (n = 22, [16], amoxicillin-clavulanate (n = 35, [17], cefazolin (n = 19, [18], and
Polygonum multiflorum (n = 18, [19].

Design

We hypothesized that the closer a drug’s clinical characteristics to those same features that are
published, the more likely the case is a bona fide DILI case due to a specific drug. In other
words, the closer a case’s values are to the interquartile range (IQR) of values in published
DILI cases for that drug, the more likely that injury is related to the drug in question.

We developed a quantitative “drug-specific” scoring system that allocates points based on
the distribution of latencies, R-value at onset, and AST/ALT ratio at onset (in previously pub-
lished case series [16-19]. Given our experience and the available data suggesting that age and
gender are not important in informing a drug’s specific phenotype, we did not include these
variables in the model. Separate DILI-CAT scoring was developed for each drug.

In the model, points were allocated based on the closeness of the variable of interest for
each specific drug to the IQR (also the “50% core interval”) (Fig 1 and Sla and S1b Figin S1
Fig) as derived from known cases (patient/case level data) [16-19]. Proportionally fewer points
were allocated when values for the variable of interest fell outside the IQR. A data value falling
within the core interval was allocated 20 points (Tables 1 and S1). Values falling outside the
IQR were given fewer points (Table 1). Deductions were given for values outside of the range
of the values for respective drug’s phenotype range (Fig 1 and Tables 1 and S1). Additional
deductions were also given when values were far outside the IQR; these were defined as “outli-
ers” (see S1 Appendix).

The strategy that was ultimately utilized to generate a scoring system required several
assumptions. First, we postulated that each of the four drugs chosen (or any other drug, for
that matter) would exhibit differences in one or more of the three clinical features we believed
to be most important in evaluation of DILL.

Furthermore, a weighting system was used in which the greatest differences in the 3 clinical
features among different drugs were considered; this led to scoring that included specific
“weighting”—latency-weighting, R-value-weighting, or AST/ALT ratio-weighting. Specifi-
cally, the clinical feature (latency, R-value at onset, or AST/ALT ratio) with the greatest differ-
ence among two drugs being compared received two-fold greater weight compared to the
remaining two categories. The variation in each clinical feature for each comparison was
assessed using a non-parametric Mann-Whitney rank test. Therefore, for the specific clinical
feature with the greatest discriminating potential (defined by the lowest U-value in the Mann-
Whitney rank test), that clinical feature would be weighted such that the DILI-CAT subscore
value for the specific category would be doubled. For example, if for a specific drug, latency
exhibited the greatest statistical difference compared to R-value or AST/ALT ratio, then
latency points were doubled (i.e. weighted) so as to allow this clinical feature to become more
important in assigning the DILI-CAT score. The terminology used for this preferential scoring

» o«

was thus termed “latency weighting”, “R-value weighting” or “AST/ALT ratio weighting”.
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Fig 1. Frequency distribution of latency of cases compared to a normal distribution. Normal distribution (A) is shown compared
to distribution of non-normal distribution of latency among DILI cases due to cyproterone (B), AMX/CLA (C), cefazolin (D), and
Polygonum multiflorum (E). In panels B to E, frequency of cases is given on the Y axis and latency in days from drug start in the X axis;
the vertical lines in panels B-E represent the interquartile range or 25" and 75" percentile. Abbreviations: AMX/CLA, amoxicillin/
clavulanate; DILI, drug-induced liver injury.

https://doi.org/10.1371/journal.pone.0271304.9001
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Table 1. Relative point allocation according to value relative to the distribution of values within the respective
case series.

Value within Percentage of points to be allocated Point allocation
IQR (25" to 75™ percentile) 100% 20

25" to 15 percentile 50% 10

75" to 85" percentile

15" to 10™ percentile 25% 5

85" to 90" percentile

10" percentile to minimum of range 0% 0
90™ percentile to maximum of range

Below minimum of range -25% -5
Above maximum of range

Outlier* -25% -5
Both outlier and outside of range -50% -10

* defined as values far outside the range; a detailed definition of outlier is given in S1 Appendix.

Abbreviations: IQR, interquartile range.

https://doi.org/10.1371/journal.pone.0271304.t001

Statistics

Each drug’s phenotype was informed by the IQR, percentiles, maximum and minimum values,
and definition of outlier values for each of the three clinical variables (latency, R-value, AST/
ALT ratio).

A Mann-Whitney rank test was used to compare drug phenotypes for each of the three clin-
ical variables to each other. Differences in variables were defined statistically. In brief, the
smaller the Mann-Whitney “U-value”, the greater the difference, and a Mann-Whitney U
value of “0” reflects complete separation of parameters between groups (i.e., the Mann-Whit-
ney number comparing latency for cyproterone and cefazolin was zero, reflecting that all laten-
cies for cyproterone were longer than any cefazolin latencies).

For each drug, a drug-specific DILI-CAT scoring was developed using the outlined scoring
algorithm (Table 1) and the data derived from that respective drug. To compare drug-specific
DILI-CAT performance, each drug was evaluated using its respective DILI-CAT scoring
against the three other drugs, where the significance of difference was assessed using the Man-
tel-Haenszel test for trend considering five-point incremental scores as ordinal categories; in
this test the higher the numerical value, the greater the difference. Furthermore, p-values
below 0.05 were considered significant. Data handling was done using Microsoft™ Excel™,
and IBM™ SPSS™ version 25 was used for statistical analysis.

Results
Drug induced liver injury phenotypes

The DILI phenotypes were defined by the following: (1) latency (in days), (2) R-value, and (3)
AST/ALT ratio for each of the 4 drugs included in this analysis differed (Table 2A-2D).

Quantitative differences among drug phenotypes

The latency for cyproterone was significantly longer (median 150 days, p<0.001 Table 3A)
than that for the other three drugs (which ranged from a median of 26 days for AMX/CLA,
median 20 days for cefazolin and Polygonum multiflorum (Table 2 and Fig 1).

PLOS ONE | https://doi.org/10.1371/journal.pone.0271304 September 29, 2022 5/15


https://doi.org/10.1371/journal.pone.0271304.t001
https://doi.org/10.1371/journal.pone.0271304

PLOS ONE

DILI-CAT, DILI causality adjudication tool

Table 2. Drug phenotypes described by latency, R-value & AST/ALT ratio with interquartile range and
percentiles.

A Cyproterone (n = 22)

Latency* R-Value AST/ALT ratio
Median 150 12.4 0.8
IQR 114-240 8.8-18 0.7-1.2
Range 33-425 1-30 0.2-2.1
B AMX-CLA (n = 35)

Latency* R-Value AST/ALT ratio
Median 25.5 1.44 0.7
IQR 17-38 0.6-2.9 0.4-0.9
Range 4-63 0.2-14 0.2-1.9
C Cefazolin (n = 19)

Latency” R-Value AST/ALT ratio
Median 20 1.57 0.4
IQR 18-26 1.1-3.4 0.4-0.7
Range 6-29 0.5-11 0.2-1.2
D Polygonum multiflorum (n = 18)

Latency* R-Value AST/ALT ratio
Median 20 10.9 0.5
IQR 7-45 6.8-14.3 0.4-0.3
Range 1-120 2.8-26 0.3-2.5

*Latency is in days from drug start to DILI onset. ALT: alanine transaminase; AMX/CLA: amoxicillin/clavulanate;

AST: aspartate transaminase; R-value: ALT in ULN (upper limits of normal) divided by alkaline phosphatase in ULN.

https://doi.org/10.1371/journal.pone.0271304.t1002

The R-values also were similar for cyproterone and Polygonum multiflorum, (median 12.4
and 10.9, Table 2A and 2D; p = 0.355 Table 3A and 3D), on one side and for AMX-CLA and
cefazolin on the other side (median 1.4 and 1.6 Table 2B and 2C, p = 0.31, Table 3B and 3C),
(Sla Figin S1 Fig). However, R-value differed significantly comparing cyproterone or Polygo-
num multiflorum to AMX-CLA or cefazolin, respectively (Table 3A-3D).

The AST/ALT ratio was significantly different only between AMX/CLA and cefazolin
(median 0.67 versus 0.42 Table 2B and 2C, p = 0.038, Table 3B and 3C and S1b Fig in S1 Fig).

Use of DILI-CAT to assess drug specific phenotypic differences

The DILI-CAT utilizes weighting of individual phenotypic features (latency, R-value, and
AST/ALT ratio, as described in the Methods). That is to say that in order to most accu-
rately differentiate signatures among drugs, when a clear distinction in either latency, R-
value, or AST/ALT ratio was identified, then this specific clinical feature was weighted to a
greater degree than the other categories, so as to allow better differentiation among the
drugs.

Cyproterone showed the greatest difference in latency compared to the other three drugs
(p<0.001, Table 3). Polygonum multiflorum differed from cyproterone most strongly in terms
of latency (p<0.001, Table 3A and 3D) and differed from AMX-CLA and cefazolin signifi-
cantly only in R-value (p<0.001, Table 3B-3D). AMX-CLA and cefazolin differed significantly
only in the AST/ALT ratio from each other (p = 0.038, Table 3B and 3C). Based on the respec-
tive greatest difference, as defined by lowest U-value (Table 3A-3D), the following weighting
was applied:
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Table 3. Differences in phenotypes (Latency, R-value & AST/ALT ratio) among different drugs. A. Mann-Whit-
ney U-value and p-value for comparison of cyproterone versus AMX/CLA, cefazolin and Polygonum multiflorum. B.
Mann-Whitney U-value and p-value for comparison of AMX/CLA versus cyproterone, cefazolin, and Polygonum mul-
tiflorum. C. Mann-Whitney U-value and p-value for comparison of cefazolin versus cyproterone, AMX/CLA, and
Polygonum multiflorum. D. Mann-Whitney U-value and p-value for comparison of Polygonum multiflorum versus

cyproterone, cefazolin, and AMX/CLA.

A Cyproterone (n = 22)

Latency* R-Value AST/ALT ratio
AMX/CLA
Mann-Whitney U-value 12.5 65 289
p-value <0.001 <0.000 0.116
Cefazolin
Mann-Whitney U-value 0 34 100
p-value <0.001 <0.000 0.004
Polygonum multiflorum
Mann-Whitney U-value 12 164 101
p-value <0.001 0.355 0.008
B AMX/CLA (n = 35)

Latency* R-Value AST/ALT ratio
Cyproterone
Mann-Whitney U value 12,5 65.0 289.0
p-value <0.001 0.000 0.116
Cefazolin
Mann-Whitney U-value 241 276 218
p-value 0.097 0.306 0.038
Polygonum multiflorum
Mann-Whitney U-value 262 41 232
p-value 0.319 <0.001 0.119
C Cefazolin (n = 19)

Latency* R-Value AST/ALT ratio
Cyproterone
Mann-Whitney U 0 34 100
p-value <0.001 0.000 0.004
AMX/CLA
Mann-Whitney U 241 276 218
p-value 0.097 0.306 0.038
Polygonum multiflorum
Mann-Whitney U 164 17 146
p-value 0.842 <0.001 0.447
D Polygonum multiflorum (n = 18)

Latency” R-Value AST/ALT ratio
Cyproterone
Mann-Whitney U 12 164 101
p-value <0.001 0.355 0.008
AMX/CLA
Mann-Whitney U 262.000 41 232
p-value 0.319 <0.001 0.119
Cefazolin
Mann-Whitney U 171 17 146

(Continued)
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Table 3. (Continued)

p-value 0.843 <0.001 0.447

*Latency in days from drug start to DILI onset; ALT: alanine transaminase; AMX/CLA, amoxicillin/clavulanate; AST:
aspartate transaminase; DILI, drug-induced liver injury; R-value: ALT in ULN (upper limits of normal) divided by

alkaline phosphatase in ULN. Bold numbers in shaded areas represent the most significant differences.

https://doi.org/10.1371/journal.pone.0271304.t003

o For cyproterone, a latency-weighted (thus latency valued double) DILI-CAT was applied for
comparison against all other three drugs.

« For both AMX-CLA and cefazolin, a latency-weighted DILI-CAT was applied against
cyproterone, an R-value-weighted DILI-CAT against Polygonum multiflorum, and, finally,
AMX/CLA and cefazolin were compared to each other using an AST/ALT ratio-weighted
AMX/CLA-DILI-CAT or cefazolin-DILI-CAT, respectively.

o For Polygonum multiflorum, a latency-weighted Polygonum multiflorum-DILI-CAT was
applied for comparison against cyproterone, but an R-value-weighted Polygonum multi-
Sflorum-DILI-CAT was applied for comparison against both AMX-CLA and cefazolin.

Cyproterone DILI-CAT

In order to create a cyproterone-DILI-CAT scoring, as outlined in the Methods, points were
allocated based on latency, R-value, and AST/ALT ratio. As outline in the section “phenotype
differences”, for cyproterone, the U value was lowest and thus displaying the greatest differ-
ence for latency when comparing cyproterone to all other drugs (Table 3A).

The difference in cyproterone-DILI-CAT scores for respective clinical feature and weighted
cyproterone-DILI-CAT score for the 4 different drugs were evaluated using the Mantel-
Haenszel test for trend (Table 4; for case level data see S2a Table in S2 Table and S2a Fig in S2
Fig). As can be seen, median DILI-CAT points allocated for each of the 3 clinical DILI features
varied from -7.5 to 10 for the drugs other than cyproterone. (left side of Table 4), and from 0
to 32.5 for weighted cyproterone-DILI-CAT scores (right side of Table 4). Because latency was
the strongest differentiating clinical feature defined by lowest U-value (Table 3A), the
(median) latency weighted DILI-CAT score (median of 47.5) becomes the final median

Table 4. Point scoring for cyproterone. (Median scores for cyproterone vs. other drugs using cyproterone-DILI-CAT).

* Median cyproterone-DILI-CAT Subscores for Each Median cyproterone-DILI-CAT Weighted Scores
Clinical Feature
Latency R-Value AST/ALT ratio Latency weighted R-Value weighted AST/ALT ratio weighted
Cyproterone (n = 22) 20 20 20 47.5 55 50
AMX/CLA (n = 35) -5 -5 10 5 0 20
Cefazolin (n = 19) -5 -5 10 5 5 20
PM (n =18) -7.5 10 10 15 32.5 30

* numbers shown are median points allocated for each drug

p-values based on Mantel-Haenszel test for trend for Cyproterone versus the other three drugs

AMX/CLA (n = 35) <0.001 <0.001 0.785 <0.001 <0.001 <0.001
Cefazolin (n = 19) <0.001 <0.001 0.595 <0.001 <0.001 <0.001
PM (n = 18) <0.001 0.984 0.352 <0.001 0.004 0.001

Abbreviations: AMX/CLA, amoxicillin/clavulanate; DILI-CAT: drug-induced liver injury causality assessment tool; PM: Polygonum multiflorum.

https://doi.org/10.1371/journal.pone.0271304.t004
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cyproterone-DILI-CAT score for cyproterone and was significantly different from all other
drugs evaluated here (Table 4). These data also emphasize that Polygonum multiflorum had the
closest clinical phenotype to cyproterone.

AMX/CLA DILI-CAT

AMX/CLA is known to have a wide variation in clinical phenotype and can cause a wide array
of biochemical abnormalities. Therefore, as expected, it had a more complex clinical pattern
and generally differed modestly from the other drugs. The most significant differences
between AMX/CLA and the other drugs depended on the specific comparator drug. AMX/
CLA differed from cyproterone strongest in latency (see U values in Table 3B) and therefore a
latency weighting was used to differentiate AMX/CLA from cyproterone (with latency
weighted AMX/CLA-DILI-CAT scores resulting in 55 points for AMX/CLA and -7.5 for
cyproterone (p<0.001, Table 5 and S2b Table in S2 Table for case level data; S2b Fig in S2 Fig).

AMX-CLA differed from Polygonum multiflorum significantly only in R-value (U-value of
41, p<0.001, Table 3B) and therefore an R-value weighting AMX/CLA-DILI-CAT would yield
the strongest differentiation from other drugs resulting in 60 points for AMX/CLA and -2.5
for Polygonum multiflorum (p<0.001, Table 5 and see S2b Table in S2 Table for case level data,
S2b Fig in S2 Fig).

AMX/CLA and cefazolin were relatively similar in terms of their latency and R-value (U-
value of 227 for latency and 276 for R-value, Table 3B), but differed from each other in AST/
ALT ratio (U-value of 218, p = 0.038,). Therefore, an AST/ALT ratio weighting AMX/CLA-DI-
LI-CAT was used resulting in 60 points for both AMX/CLA and cefazolin (Table 5 and see S2a
Table in S2 Table for case level data, S2b Fig in S2 Fig) and no difference was seen between
AMX/CLA and cefazolin using AMX/CLA-DILI-CAT.

Cefazolin DILI-CAT

Using the cefazolin derived cefazolin-DILI-CAT, cefazolin was similar to AMX/CLA in all
three clinical categories with the smallest U-value being found for AST/ALT ratio (U-value
218, p = 0.038, Table 3C). Therefore, an AST/ALT ratio weighted cefazolin-DILI-CAT was to
be used for Cefazolin vs. AMX/CLA. While the AMX/CLA-derived AMX/CLA-DILI CAT
score did not separate AMX/CLA from cefazolin (p>0.4, Table 5), a cefazolin-derived AST/
ALT ratio weighted cefazolin-DILI-CAT was able to separate cefazolin from AMX/CLA with a

Table 5. Point scoring for AMX-CLA. (Median scores for AMX-CLA vs. other drugs using AMX/CLA-DILI-CAT).

Median AMX/CLA-DILI-CAT Subscore for each Median AMX/CLA-DILI-CAT weighted Scores
Clinical Feature
* Latency R-Value AST/ALT ratio Latency weighted R-Value weighted AST/ALT ratio weighted
AMX/CLA (n = 35) 20 20 20 55 60 60
Cyproterone (n = 22) -10 -5 20 -7.5 -2.5 20
Cefazolin (n = 19) 20 20 10 70 60 60
PM (n = 18) 2.5 -5 15 25 10 27.5

* numbers shown are median points allocated for each drug

Mantel-Haenszel test for trend p-values for AMX/CLA versus the other three drugs

Cyproterone (n = 22) <0.001 <0.001 0.785 <0.001 <0.001 <0.001
Cefazolin (n = 19) 0.195 0.379 0.356 0.292 0.416 0.866
PM (n = 18) 0.003 <0.001 0.989 <0.001 <0.001 <0.001

Abbreviations: AMX/CLA, amoxicillin/clavulanate; DILI-CAT: drug-induced liver injury causality assessment tool; PM: Polygonum multiflorum.

https://doi.org/10.1371/journal.pone.0271304.t005
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median 60 DILI-CAT score for cefazolin vs. 40 for AMX/CLA (p = 0.008; Table 6 and S2c
Table in S2 Table case level details; S2¢ Fig in S2 Fig). This is because the cefazolin phenotype
shows less variation in latency, R-value and AST/ALT ratio compared to the AMX/CLA phe-
notype, where more AMX/CLA cases overlap with cefazolin’s phenotype but not vice versa
(Table 2 and Fig 1 and S1a, S1b Fig in S1 Fig).

Cefazolin differed from cyproterone, most strongly in latency (U-value 0 indicating no
overlap in latency between the two drug, p<0.001, Table 3C) with a significantly different
median latency weighted cefazolin-DILI-CAT score of 60 for cefazolin vs. -12.5 for cyproter-
one (p<0.001, Table 6 and see S2¢ Table in S2 Table for case level data; S2¢ Fig in S2 Fig).

Cefazolin differed significantly from Polygonum multiflorum only in R-value (U-value for
R-value 17, p<0.001, Table 3C) Applying the R-value weighting cefazolin-DILI-CAT score,
cefazolin differed significantly from Polygonum multiflorum with a median 60 points for cefa-
zolin vs. a median score of 7.5 for Polygonum multiflorum (Table 6 and see S2c Table in for
case level data; S2¢ Fig)).

Polygonum multiflorum DILI-CAT

Polygonum multiflorum was most different from cyproterone in the latency category (U-value
12, p<0.001, Table 3D). Therefore, the Polygonum multiflorum derived latency weighted
Polygonum multiflorum-DILI-CAT score is to be used resulting in median 57.5 points for
Polygonum multiflorum compared to 7.5 points for cyproterone (Table 7 and S2d Table in S2
Table and S2d Fig in S2 Fig).

In contrast, Polygonum multiflorum was most significantly distinct from AMX/CLA and
cefazolin in R-value (U-value of 41 and 17, respectively, p<0.001, Table 3). Therefore, a Polyg-
onum multiflorum derived R-value-weighted Polygonum multiflorum-DILI-CAT was to be
used and demonstrated median 60 points for Polygonum multiflorum vs. median 20 points for
each AMX/CLA as well as cefazolin (p<0.001, Table 7 and S2d Fig in S2 Fig).

Discussion

Here, we have demonstrated a data-driven approach to develop a DILI causality tool (DILI--
CAT) that can be used to create a quantitative drug-specific DILI phenotype. We demonstrate
that drugs differ significantly in their phenotypes and that our algorithmic approach allows for

Table 6. Point scoring for cefazolin. (Median scores for Cefazolin vs. other drugs using cefazolin-DILI-CAT).

Median cefazolin-DILI-CAT Subscores for each Median cefazolin-DILI-CAT weighted Scores
Clinical Feature
* Latency R-Value AST/ALT ratio Latency weighted R-Value weighted AST/ALT ratio weighted
Cefazolin (n = 19) 20 20 20 60 60 60
Cyproterone (n = 22) -10 -10 10 -12.5 -10 0
AMX-CLA (n = 35) 0 10 20 30 40 45
PM (n = 18) 0 7.5 20 7.5 7.5 25
* numbers shown are median points allocated for each drug
P-values for Cefazolin versus Mantel-Haenszel test for trend
Cyproterone (n = 22) <0.001 <0.001 0.045 <0.001 <0.001 <0.001
AMX-CLA (n = 35) 0.011 0.082 0.244 0.004 0.011 0.011
PM (n = 18) <0.001 <0.001 0.990 <0.001 <0.001 <0.001

Abbreviations: AMX/CLA, amoxicillin/clavulanate; DILI-CAT: drug-induced liver injury causality assessment tool; PM: Polygonum multiflorum.

https://doi.org/10.1371/journal.pone.0271304.t006
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Table 7. Point scoring for Polygonum Multiflorum (PM). (Median scores for Polygonum Multiflorum (PM) vs. other drugs using Polygonum multiflorum-DILI-CAT).

Median Score for each Clinical Feature Median Polygonum multiflorum DILI-CAT weighted DILI-CAT Scores
* Latency R-Value AST/ALT ratio Latency weighted R-value weighted AST/ALT ratio weighted
PM (n =18) 20 20 20 57.5 60 57.5
Cyproterone (n = 22) -10 15 5 7.5 32.5 25
AMX-CLA (n = 35) 20 5 10 45 20 40
Cefazolin (n = 19) 20 -5 10 45 20 35

* numbers shown are median points allocated for each drug

Mantel-Haenszel test for trend P-values for Polygonum multiflorum (n = 18) versus the other three drugs

Cyproterone (n = 22) <0.001 0.282 0.033 <0.001 0.001 <0.001
AMX-CLA (n = 35) 0.031 <0.001 0.169 0.011 <0.001 0.002
Cefazolin (n = 19) 0.013 <0.001 0.07 0.036 <0.001 0.002

Abbreviations: AMX/CLA, amoxicillin/clavulanate; DILI-CAT: drug-induced liver injury causality assessment tool; PM: Polygonum multiflorum.

https://doi.org/10.1371/journal.pone.0271304.t007

differentiation of DILI caused by different drugs. Therefore, this tool has the potential to
enhance DILI causality assessment.

RUCAM, the commonly used causality assessment method (tool) developed almost three
decades ago [10], is often considered the most reliable approach to DILI causality assessment
when an expert opinion assessment is not available [13]. However, neither RUCAM nor any of
the other currently available causality assessment tools uses a drug-specific approach. An expert
opinion approach is considered superior to RUCAM, which is likely because experts probably
consider a drug’s phenotype. Implicit in the findings presented here is that allowing a formal
process for inclusion of a drug phenotype enhances the DILI adjudication process by including
phenotypic characteristics of drug-specific DILL. We speculate that although this should not
necessarily replace RUCAM or expert opinion as causality tools, this approach should be
extremely helpful to experts and, perhaps to an even greater degree, to nonexperts [20].

An algorithmic data-driven and drug-specific diagnostic tool such as DILI-CAT has several
attractive features. First and most importantly, DILI-CAT is data-driven, using available data
on a drug’s known DILI characteristics. Further, it can be optimized via weighting of specific
variables, which will allow for better discrimination between different drugs. Additionally,
other features that are part of a drug’s phenotype might be added in the mathematical algo-
rithm. For example, the intrinsic propensity for hepatotoxicity of a drug (i.e., the likelihood or
probability that a specific drug would cause liver injury) could be included (52-54 Appendices
and S2 Table) based on published literature [21-23] or perhaps a generally available source
such as LiverTox®) (https://www.ncbi.nlm.nih.gov/books/NBK547852). As an alternative to
ranking hepatotoxicity by number of published cases might be to rank based on a drug’s
intrinsic propensity for hepatotoxicity, including for example being given in a high daily dose
or perhaps its lipophilicity [24].

Scoring for competing causes in DILI-CATSs could also be included, allowing for grading of
individual drugs along a causality scale (52 Appendix). Further, the flexible format of DILI--
CAT allows it to be programmed for use by any drug, as long as the DILI phenotype of a drug
can be characterized (e.g., with a sufficient number of known DILI cases to estimate percentiles
of the drug-specific features). Finally, the approach should be considered a “living” process,
meaning that additional cases could be added as more published cases become available so as
to create a more robust DILI signature.

We recognize limitations of the current version of DILI-CAT as well as opportunities to
enhance it. For one, we chose to examine latency, R-value, or AST/ALT ratio as important
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clinical elements of the drug signature. While this was based on sound rationale, and we chose
to limit signature assessment to these 3 simple features to emphasize the simplicity of the
approach, there is no reason other elements of a signature could not be included (i.e. such as
genetics/HLA genotypes and gender, the latter is generally not considered in adjudication and
is likely relevant for only a few drugs), as well as more traditional clinical parameters such as
dechallenge, competing drugs, inherent hepatotoxicity of the drug, etc. . .). Compared to a gen-
eral tool for adjudication where even a first case of liver injury can be assessed, DILI-CAT
approach depends on previously identified cases, though the number required will need to be
evaluated with future series as more patient level data will become available. An important lim-
itation of DILI-CAT is that some drugs have overlapping phenotypes, such as was the case
with cefazolin and AMX/CLA; in this situation, DILI-CAT will be unable to provide a clear
distinction between drugs in question with similar quantitative phenotypes.

Another limitation is that DILI-CAT depends on having available cases with which to
develop specific drug signatures. In an analysis of 671 distinct drugs or entities, 20% of drugs
reported to have caused DILI had at least 12 reported cases [22, 23], suggesting that pheno-
types can be developed for at least this proportion of drugs (it should be emphasized that in
terms of overall case numbers, these 20% of drugs make up a large proportion of the total
number of DILI events). An additional consideration is that the number of cases needed to
develop a robust signature will depend on the consistency of the drug’s phenotype. The more
variable the phenotype, the more cases that are likely to be required to generate a precise pic-
ture of a drug’s signature. We used case series, but a phenotype can also be retrieved from
combining various studies or case reports or case series if the required information is available.
The more cases that are available for inclusion into model development, the more accurate a
described phenotype is likely to became. This approach can be applied to a small number of
cases to start with, so long as the cases are well-characterized, providing sufficient information
for the phenotyping [23]. Another limitation is the lack of consideration of host factors and
drug-host interactions; host factors, including age, sex, genetic variants, comorbidities, and
concomitant medications may modify DILI phenotypes, via modifying cellular stress response,
immune response, and tissue repair. This limitation cannot be solved presently due to the lim-
ited knowledge of drug-host interactions and drug-drug interactions in DILI phenotypes.

In the future, we envision a staggered approach to DILI causality assessment. First, the like-
lihood of DILI could be assessed using an algorithmic methodology such as that presented
here, and secondly laboratory testing could be used for confirmation. While lymphocyte trans-
formation test (LTT) is recommended in the Japanese DDW-]J scoring for DILI [12], it is
unclear whether this assay is reproducible enough to be used [25]. A novel promising approach
is based on assay of blood derived monocytes that are transformed into hepatocyte like cells
[26]. In several studies, this test has shown promise as a confirmatory assay [27-29].

In summary, we have presented an objective and data-driven drug-specific tool (DILI--
CAT) that represents a novel and substantial step forward in DILI causality assessment. This
approach is likely to be extremely useful for clinicians who are not experts in DILI causality
assessment, and it also has the potential to improve expert adjudication of DILI.

Supporting information

S1 Fig. This figures shows the distribution for R-value (a) and AST/ALT ratio (b) for all four
drugs respectively.
(DOCX)

S2 Fig. S2a Fig. This figure shows the distribution of Cyproterone-DILI-CAT scores com-
pared to A) the AMX/CLA (Amoxicillin.clavulunaic) scores, b) cephazolin scores and c)
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Polygonum multiflorum scores); S2b Fig. This figure shows the distribution of AMX/CLA
(Amoxicillin.clavulunaic)-DILI-CAT scores compared to A) the Cyproterone scores, b) cepha-
zolin scores and ¢) Polygonum multiflorum scores); S2¢ Fig. This figure shows the distribution
of cephazolin-DILI-CAT scores compared to A) the Cyproterone scores, b) AMX/CLA
(Amoxicillin.clavulunaic)-scores and ¢) Polygonum multiflorum scores); S2d Fig. This figure
shows the distribution of Polygonum multiflorum -DILI-CAT scores compared to A) the
Cyproterone scores, b) AMX/CLA (Amoxicillin.clavulunaic)-scores and c) cephazolin scores).
(ZIP)

S1 Table. This table shows the examples for point allocation for latency throughout the
first 100 days.
(DOCX)

S2 Table. S2a Table. Cyproterone DILI-CAT: This table shows the Cyproterone derived
DILI-CAT-scoring algorithm comparing the cyproterone cases to the cases of the other drugs
using the Cyproterone derived DILI-CAT; S2b Table. AMX/CLA DILI-CAT: This table shows
the Amoxicilling/Clavulunaic (AMX/CLA) derived DILI-CAT-scoring algorithm comparing
the AMX/CLA cases to the cases of the other drugs using the AMX/CLA derived DILI-CAT;
S2c¢ Table. Cefazolin DILI-CAT: This table shows the cefazolin derived DILI-CAT-scoring
algorithm comparing the cefazolin cases to the cases of the other drugs using the cefazolin
derived DILI-CAT; S2d Table. Polygonum multiflorum DILI-CAT: This table shows the
Polygonum multiflorum derived DILI-CAT-scoring algorithm comparing the Polygonum
multiflorum cases to the cases of the other drugs using the Polygonum multiflorum derived
DILI-CAT cefazolin.

(Z1P)

S1 Appendix. This material shows the outlier definition used.
(DOCX)

S2 Appendix. This material indicates the point allocation for competing causes and the
lack thereof (-25 to 25 points) to be used for a complete causality adjudication.
(DOCX)

S3 Appendix. This material indicates the point allocation for hepatotoxicity potential of a
respective drug (0-20 points) to be used for a complete causality adjudication.
(DOCX)

S4 Appendix. This material indicates theoretical maximal positive and negative scores pos-
sible for a DILI-CAT scoring in its current iteration.
(DOCX)

Acknowledgments

We thank Dr. Huiman Barnhart, who was instrumental in developing earlier versions of this
approach.

Author Contributions

Conceptualization: Hans L. Tillmann, Ayako Suzuki, Michael Merz, Richard Hermann, Don
C. Rockey.

Data curation: Hans L. Tillmann.

PLOS ONE | https://doi.org/10.1371/journal.pone.0271304 September 29, 2022 13/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0271304.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0271304.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0271304.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0271304.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0271304.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0271304.s008
https://doi.org/10.1371/journal.pone.0271304

PLOS ONE

DILI-CAT, DILI causality adjudication tool

Methodology: Hans L. Tillmann, Ayako Suzuki, Michael Merz, Richard Hermann, Don C.

Rockey.

Writing - original draft: Hans L. Tillmann, Ayako Suzuki, Michael Merz, Richard Hermann,

Don C. Rockey.

Writing - review & editing: Hans L. Tillmann, Ayako Suzuki, Michael Merz, Richard Her-

mann, Don C. Rockey.

References

1.

10.

1.

12

13.

14.

15.

16.

WILKE R A, LIN D W, RODEN D M, et al. Identifying genetic risk factors for serious adverse drug reac-
tions: current progress and challenges. Nat Rev Drug Discov 2007; 6(11): 904—16. https://doi.org/10.
1038/nrd2423 PMID: 17971785

ROBLES-DIAZ M, LUCENA M |, KAPLOWITZ N, et al. Use of Hy’s law and a new composite algorithm
to predict acute liver failure in patients with drug-induced liver injury. Gastroenterology 2014; 147(1):
109-18 e5. https://doi.org/10.1053/j.gastro.2014.03.050 PMID: 24704526

CHALASANI N, BONKOVSKY H L, FONTANA R, et al. Features and Outcomes of 889 Patients with
Drug-induced Liver Injury: The DILIN Prospective Study. Gastroenterology 2015.

FONTANA R J, HAYASHI P H, GU J, et al. Idiosyncratic drug-induced liver injury is associated with sub-
stantial morbidity and mortality within 6 months from onset. Gastroenterology 2014; 147(1): 96-108 e4.
https://doi.org/10.1053/j.gastro0.2014.03.045 PMID: 24681128

ONAKPOYA | J, HENEGHAN C J, ARONSON J K. Post-marketing withdrawal of 462 medicinal prod-
ucts because of adverse drug reactions: a systematic review of the world literature. BMC Med 2016;
14: 10. https://doi.org/10.1186/s12916-016-0553-2 PMID: 26843061

ONAKPOYA | J, HENEGHAN C J, ARONSON J K. Correction to: Post-marketing withdrawal of 462
medicinal products because of adverse drug reactions: a systematic review of the world literature. BMC
Med 2019; 17(1): 56. https://doi.org/10.1186/s12916-019-1294-9 PMID: 30823879

NARJES H, NEHMIZ G. Effect of hospitalisation on liver enzymes in healthy subjects. Eur J Clin Phar-
macol 2000; 56(4): 329-33. https://doi.org/10.1007/s002280000142 PMID: 10954348

ROSENZWEIG P, MIGET N, BROHIER S. Transaminase elevation on placebo during phase | trials:
prevalence and significance. Br J Clin Pharmacol 1999; 48(1): 19-23. https://doi.org/10.1046/j.1365-
2125.1999.00952.x PMID: 10383555

DOUGLAS | J, LANGHAM J, BHASKARAN K, BRAUER R, SMEETH L. Orlistat and the risk of acute
liver injury: self controlled case series study in UK Clinical Practice Research Datalink. BMJ 2013; 346:
f1936. https://doi.org/10.1136/bmj.f1936 PMID: 23585064

DANAN G, BENICHOU C. Causality assessment of adverse reactions to drugs—I. A novel method
based on the conclusions of international consensus meetings: application to drug-induced liver injuries.
J Clin Epidemiol 1993; 46(11): 1323-30. https://doi.org/10.1016/0895-4356(93)90101-6 PMID:
8229110

MARIAV A, VICTORINO R M. Development and validation of a clinical scale for the diagnosis of drug-
induced hepatitis. Hepatology 1997; 26(3): 664-9. https://doi.org/10.1002/hep.510260319 PMID:
9303497

TAKIKAWA H, TAKAMORI Y, KUMAGI T, et al. Assessment of 287 Japanese cases of drug induced
liver injury by the diagnostic scale of the International Consensus Meeting. Hepatol Res 2003; 27(3):
192-95. https://doi.org/10.1016/s1386-6346(03)00232-8 PMID: 14585395

ROCKEY D C, SEEFF L B, ROCHON J, et al. Causality assessment in drug-induced liver injury using a
structured expert opinion process: comparison to the Roussel-Uclaf causality assessment method.
Hepatology 2010; 51(6): 2117-26. https://doi.org/10.1002/hep.23577 PMID: 20512999

TILLMANN H L, ROCKEY D C. Signatures in drug-induced liver injury. Curr Opin Gastroenterol 2020;
36(3): 199-205. https://doi.org/10.1097/MOG.0000000000000636 PMID: 32205565

HERMANN R P, ROCKEY D C, SUZUKI A, MERZ M, TILLMANN H L. A novel phenotype-based drug-
induced liver injury causality assessment tool (DILI-CAT) allows for signal confirmation in early drug
development. Aliment Pharmacol Ther 2022; 55(8): 1028—37. https://doi.org/10.1111/apt.16836 PMID:
35266155

BESSONE F, LUCENA M I, ROMA M G, et al. Cyproterone acetate induces a wide spectrum of acute
liver damage including corticosteroid-responsive hepatitis: report of 22 cases. Liver Int 2016; 36(2):
302-10. https://doi.org/10.1111/liv.12899 PMID: 26104271

PLOS ONE | https://doi.org/10.1371/journal.pone.0271304 September 29, 2022 14/15


https://doi.org/10.1038/nrd2423
https://doi.org/10.1038/nrd2423
http://www.ncbi.nlm.nih.gov/pubmed/17971785
https://doi.org/10.1053/j.gastro.2014.03.050
http://www.ncbi.nlm.nih.gov/pubmed/24704526
https://doi.org/10.1053/j.gastro.2014.03.045
http://www.ncbi.nlm.nih.gov/pubmed/24681128
https://doi.org/10.1186/s12916-016-0553-2
http://www.ncbi.nlm.nih.gov/pubmed/26843061
https://doi.org/10.1186/s12916-019-1294-9
http://www.ncbi.nlm.nih.gov/pubmed/30823879
https://doi.org/10.1007/s002280000142
http://www.ncbi.nlm.nih.gov/pubmed/10954348
https://doi.org/10.1046/j.1365-2125.1999.00952.x
https://doi.org/10.1046/j.1365-2125.1999.00952.x
http://www.ncbi.nlm.nih.gov/pubmed/10383555
https://doi.org/10.1136/bmj.f1936
http://www.ncbi.nlm.nih.gov/pubmed/23585064
https://doi.org/10.1016/0895-4356(93)90101-6
http://www.ncbi.nlm.nih.gov/pubmed/8229110
https://doi.org/10.1002/hep.510260319
http://www.ncbi.nlm.nih.gov/pubmed/9303497
https://doi.org/10.1016/s1386-6346(03)00232-8
http://www.ncbi.nlm.nih.gov/pubmed/14585395
https://doi.org/10.1002/hep.23577
http://www.ncbi.nlm.nih.gov/pubmed/20512999
https://doi.org/10.1097/MOG.0000000000000636
http://www.ncbi.nlm.nih.gov/pubmed/32205565
https://doi.org/10.1111/apt.16836
http://www.ncbi.nlm.nih.gov/pubmed/35266155
https://doi.org/10.1111/liv.12899
http://www.ncbi.nlm.nih.gov/pubmed/26104271
https://doi.org/10.1371/journal.pone.0271304

PLOS ONE

DILI-CAT, DILI causality adjudication tool

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

HAUTEKEETE M L, HORSMANS Y, VAN WAEYENBERGE C, et al. HLA association of amoxicillin-cla-
vulanate—induced hepatitis. Gastroenterology 1999; 117(5): 1181-6. https://doi.org/10.1016/s0016-
5085(99)70404-x PMID: 10535882

ALQAHTANI S A, KLEINER D E, GHABRIL M, et al. Identification and Characterization of Cefazolin-
induced Liver Injury. Clin Gastroenterol Hepatol 2014. https://doi.org/10.1016/j.cgh.2014.11.036 PMID:
25528012

DONG H, SLAIN D, CHENG J, MA W, LIANG W. Eighteen cases of liver injury following ingestion of
Polygonum multiflorum. Complement Ther Med 2014; 22(1): 70—4. https://doi.org/10.1016/j.ctim.2013.
12.008 PMID: 24559819

TILLMANN H L, SUZUKI A, BARNHART H X, SERRANO J, ROCKEY D C. Tools for causality assess-
ment in drug-induced liver disease. Curr Opin Gastroenterol 2019; 35(3): 183-90. https://doi.org/10.
1097/MOG.0000000000000526 PMID: 30865042

CHEN M, SUZUKI A, THAKKAR S, YU K, HU C, TONG W. DILIrank: the largest reference drug list
ranked by the risk for developing drug-induced liver injury in humans. Drug Discov Today 2016; 21(4):
648-53. https://doi.org/10.1016/j.drudis.2016.02.015 PMID: 26948801

BJORNSSON E S, HOOFNAGLE J H. Categorization of drugs implicated in causing liver injury: Critical
assessment based on published case reports. Hepatology 2016; 63(2): 590-603. https://doi.org/10.
1002/hep.28323 PMID: 26517184

TALAAT N, TILLMANN H L. Injury pattern recognition to discriminate competing causes of liver injury.
Liver Int 2019; 39(5): 821-25. https://doi.org/10.1111/liv.14056 PMID: 30703293

CHEN M, BORLAK J, TONG W. High lipophilicity and high daily dose of oral medications are associated
with significant risk for drug-induced liver injury. Hepatology 2013; 58(1): 388—96. https://doi.org/10.
1002/hep.26208 PMID: 23258593

WHRITENOUR J, KO M, ZONG Q, et al. Development of a modified lymphocyte transformation test for
diagnosing drug-induced liver injury associated with an adaptive immune response. J Immunotoxicol
2017; 14(1): 31-38. https://doi.org/10.1080/1547691X.2016.1254305 PMID: 28121193

BENESIC A, LEITL A, GERBES A L. Monocyte-derived hepatocyte-like cells for causality assessment
of idiosyncratic drug-induced liver injury. Gut 2016; 65(9): 1555-63. https://doi.org/10.1136/gutjnl-
2015-309528 PMID: 26045135

BENESIC A, ROTTER |, DRAGOI D, et al. Development and Validation of a Test to Identify Drugs That
Cause Idiosyncratic Drug-Induced Liver Injury. Clin Gastroenterol Hepatol 2018; 16(9): 1488-94 e5.
https://doi.org/10.1016/j.cgh.2018.04.049 PMID: 29723689

GERHARDT F, BENESIC A, TILLMANN H L, et al. Iberogast-Induced Acute Liver Failure-Reexposure
and In Vitro Assay Support Causality. Am J Gastroenterol 2019; 114(8): 1358-59. https://doi.org/10.
14309/ajg.0000000000000300 PMID: 31246695

WEBER S, WONG G L H, WONG VW S, BENESIC A, CHANH LY, GERBES A L. Monocyte-Derived
Hepatocyte-Like Cell Test: A Novel Tool for in vitro Identification of Drug-Induced Liver Injury in Patients
with Herbal or Dietary Supplements. Digestion 2021; 102(4): 650-53. https://doi.org/10.1159/
000509391 PMID: 32690854

PLOS ONE | https://doi.org/10.1371/journal.pone.0271304 September 29, 2022 15/15


https://doi.org/10.1016/s0016-5085(99)70404-x
https://doi.org/10.1016/s0016-5085(99)70404-x
http://www.ncbi.nlm.nih.gov/pubmed/10535882
https://doi.org/10.1016/j.cgh.2014.11.036
http://www.ncbi.nlm.nih.gov/pubmed/25528012
https://doi.org/10.1016/j.ctim.2013.12.008
https://doi.org/10.1016/j.ctim.2013.12.008
http://www.ncbi.nlm.nih.gov/pubmed/24559819
https://doi.org/10.1097/MOG.0000000000000526
https://doi.org/10.1097/MOG.0000000000000526
http://www.ncbi.nlm.nih.gov/pubmed/30865042
https://doi.org/10.1016/j.drudis.2016.02.015
http://www.ncbi.nlm.nih.gov/pubmed/26948801
https://doi.org/10.1002/hep.28323
https://doi.org/10.1002/hep.28323
http://www.ncbi.nlm.nih.gov/pubmed/26517184
https://doi.org/10.1111/liv.14056
http://www.ncbi.nlm.nih.gov/pubmed/30703293
https://doi.org/10.1002/hep.26208
https://doi.org/10.1002/hep.26208
http://www.ncbi.nlm.nih.gov/pubmed/23258593
https://doi.org/10.1080/1547691X.2016.1254305
http://www.ncbi.nlm.nih.gov/pubmed/28121193
https://doi.org/10.1136/gutjnl-2015-309528
https://doi.org/10.1136/gutjnl-2015-309528
http://www.ncbi.nlm.nih.gov/pubmed/26045135
https://doi.org/10.1016/j.cgh.2018.04.049
http://www.ncbi.nlm.nih.gov/pubmed/29723689
https://doi.org/10.14309/ajg.0000000000000300
https://doi.org/10.14309/ajg.0000000000000300
http://www.ncbi.nlm.nih.gov/pubmed/31246695
https://doi.org/10.1159/000509391
https://doi.org/10.1159/000509391
http://www.ncbi.nlm.nih.gov/pubmed/32690854
https://doi.org/10.1371/journal.pone.0271304

