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REVIEW

Top-ranking drugs out of 3312 drug-induced liver injury cases evaluated by the
Roussel Uclaf Causality Assessment Method
Rolf Teschke

Department of Internal Medicine II, Division of Gastroenterology and Hepatology, Klinikum Hanau, Hanau, Germany; Academic Teaching Hospital
of the Medical Faculty, Goethe University Frankfurt/Main, Frankfurt/Main, Germany

ABSTRACT
Introduction: A list presenting a valid ranking of drugs most commonly implicated is hardly to be
found.
Areas covered: Published cases of drug-induced liver injury (DILI) with verified causality using RUCAM
(Roussel Uclaf Causality Assessment Method) were used for a ranking of drugs most commonly
implicated in causing DILI.
Expert opinion: RUCAM-based DILI cases were retrieved from 15 reports published by six international
databases of DILI registries and three large medical centers, which provided 3312 cases. Overall 48
drugs with the highest number of DILI cases were listed. Among the top 10 ranking drugs implicated in
causing DILI were, in decreasing order: amoxicillin-clavulanate, flucloxacilllin, atorvastatin, disulfiram,
diclofenac, simvastatin, carbamazepine, ibuprofen, erythromycin, and anabolic steroids as bodybuilding
agents. For these 10 drugs, respective DILI case numbers were highest for Amoxicillin-clavulanate
(n=333) and lowest for anabolic steroids (n=26). The author classifies the databases of national DILI
registries and large medical centers as best sources of drugs implicated in DILI. Presently discouraged is
the use of the LiverTox website because many cases were derived from published cases of poor quality
and could previously not be classified as DILI, calling for the inclusion of DILI cases with established
causality by the updated RUCAM.
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1. Introduction

Drug-induced liver injury (DILI) is perhaps the most difficult
diagnosis in hepatology due to its clinical and scientific com-
plexity, and this is likely the reason why it persistently attracts
much interest [1–14]. DILI is a multifaceted disease, for which
diagnostic biomarkers are under discussion, but most await
verification by the use of liver injury cases with firm diagnosis
until they can safely be introduced in clinical practice [8].
Problematic is incorrect DILI diagnosis due to alternative
causes, as evidenced by a recent analysis of published
13,335 cases, for which in 4,556 patients (34.2%) DILI was
not the correct diagnosis but alternative causes were more
likely [8], results in line with much earlier publications remind-
ing physicians caring for patients with suspected DILI that
alternative causes are commonly found among case cohorts
of suspected DILI [9,10]. Such risks of confounding variables
can be avoided or reduced by using a quantitative scoring
causality assessment method (CAM), preferentially the RUCAM
(Roussel Uclaf Causality Assessment Method) named earlier
often CIOMS (Council for International Organizations of
Medical Sciences) [7–10]. The current RUCAM version was
updated in 2016 [13] and received additional instructions on
how to use it [14].

Authors of almost 200 case reports or case series published
until 2016 [13] and large clinical centers or national registries
obviously had no problem using RUCAM correctly for their

liver injury cases [13,15–29], as case assessment was facilitated
by low intraobserver variability with no disagreement in the
assessment of cases into unlikely or not [15] and a 72%
agreement among three experts that was increased to 92% if
discrepancy of one causality grading was added to complete
agreement [19], in support of method validation published for
RUCAM in 1993 [12]. It is generally agreed that RUCAM is
worldwide the most commonly used CAM for cases of DILI.

Recent concern focused on problems providing a valid
ranking of drugs most commonly implicated in causing DILI
considered as an important information for physicians,
because database-derived cases were of limited quality and
often did not allow the diagnosis of DILI [7]. These shortcom-
ings lead to uncertainty and the crucial question to what
extent physicians and the scientific community can rely on
qualified details of drugs causing DILI. For the solution of such
problems, a veritable approach would have been not only
discussing but rather using RUCAM to ascertain causality for
assumed DILI and related drugs.

This expert opinion report analyses publications presented
by nationwide registries and large clinical centers from several
counties, which reported on their DILI cases with RUCAM-
based causality for individual drugs. Such qualified DILI cases
will be screened for drugs to be used for a ranking of drugs
most implicated in DILI cases. For this approach, restriction to
a few drugs as examples is needed because the number of
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potentially hepatotoxic drugs is high, amounting to around
1000 drugs.

2. Literature search and data review

Published reports were systematically searched in electronic
databases of Medline (source PubMed), using the search
terms: Drug-induced liver injury and Roussel Uclaf Causality
Assessment Method, providing 20.600 hits; Drug-induced liver
injury and RUCAM, 39.300 hits; DILI and Roussel Uclaf Causality
assessment method, 8.200 hits; DILI and RUCAM, 7.570 hits;
Drug-induced liver injury and Council for International
Organizations of Medical Sciences, 2.390.000 hits; Drug-
induced liver injury and CIOMS, 47.800 hits; DILI and Council
for International Organizations of Medical Sciences, 218.000
hits; DILI and CIOMS, 9.600 hits.

From each searched segment, the publications of the first
50 hits were analyzed and selected for reports in English
language, published by national registries and large interna-
tional medical centers. Prior to the final analysis, the publica-
tions were assessed regarding the clinical quality and data
completeness. The data source was also a large and actualized
private scientific archive in English language, which contains
original full-length publications on DILI including CAMs. The
search for additional publications was completed on 24 July
2018. The final compilation consisted of original papers with
DILI case series, which contained individual drugs that caused
DILI with RUCAM-based causality. These were included in the
reference list of this review [15–29].

3. DILI differentiation and liver test thresholds as
prerequisite

Establishing a ranking list of most common drugs causing liver
injury requires some considerations ahead regarding differen-
tiation among two DILI types. There is also the need to define
a liver injury by threshold of liver tests.

3.1. Idiosyncratic and intrinsic DILI

Drugs cause liver injury, whether the toxicity is due to the
interaction between the drug and patient factors (idiosyn-
crasy) or to the drug only (intrinsic toxicity) [6,8,30–35]. DILI
commonly stands for idiosyncratic DILI, which is mostly caused
by drugs at therapeutic dosages in a few exposed patients and
triggered by unpredictable, preferentially immunologic and
less frequently metabolic drug reactions (Figure 1) [8]. This is
in contrast to intrinsic DILI characterized by a clear dose
dependent and therefore predictable reaction related to over-
dosed drugs such as acetaminophen [6,8,30]. Idiosyncratic and
intrinsic DILI shows differences regarding pathogenic sequelae
(Figure 2) [31,32,35]. The identification of offending drug(s)
often remains uncertain due to vague principles of diagnosis
by missing DILI typology and use of CAMs that are not based
on a quantitative and transparent scoring system such as
RUCAM [13].

Some authors of DILI reports include a mix of drugs causing
idiosyncratic and intrinsic liver injury and thereby providing
vague conclusions. To circumvent this problem in the context
of the actual ranking list, only drugs will be considered as
study drugs that are derived from idiosyncratic DILI.

3.2. Thresholds

Before assessing causality, the first step is to define a liver
injury. Current definitions for clinically relevant liver injury are
based on a serum activity of alanine aminotransferase (ALT) of
at least 5 × ULN (upper limit of normal) and/or alkaline phos-
phatase (ALP) of at least 2 × ULN [13]. This eliminates cases
with minor, clinically unimportant and reversible liver injury
and excludes frequently observed cases of nonalcoholic fatty
liver disease or nonalcoholic steatohepatitis, which are com-
monly related to overweight or obesity rather than to drugs
causing DILI. Removing these cases a priori from DILI cohorts
facilitates the focus on real DILI cases and makes costly diag-
nostic approaches unnecessary [13,14,33].

4. RUCAM as prerequisite

Basic characteristics of RUCAM have been provided in various
publications [11–14] and were discussed by Guru P. Aithal in a
consensus meeting with other experts, who all favored the use
of RUCAM for causality assessment in DILI [33]. Among the
recommending experts were apart from G. P. Aithal (United
Kingdom) also P.B. Watkins (US), R. J. Andrade (Spain), D.
Larrey (France), M. Molokhia (United Kingdom), H. Takikawa
(Japan), C. M. Hunt (US), R. A. Wilke (US), M. Avigan (US), N.
Kaplowitz (US), E. Björnsson (Iceland), and A.K. Daly (United
Kingdom), paving the way for its increased international use

Article highlights

● Among the top-ranking drugs implicated in causing DILI, in first place
is amoxicillin-clavulanate, followed by flucloxacilllin, atorvastatin, dis-
ulfiram, diclofenac, simvastatin, carbamazepine, ibuprofen, erythro-
mycin, and finally anabolic steroids.

● High causality ranking was ascertained by using published DILI cases,
which initially had been assessed for causality by RUCAM.

● These DILI cases have been retrieved from 15 reports presented by
the databases of three medical centers located in different countries
and six national DILI registries from various countries.

● The three centers and six registries provided highly qualified DILI
cases and are considered as best sources for future studies related to
DILI.

● Studies published 2 years ago tried to establish a valid top-ranking of
drugs causing DILI, based on cases of the US NIH LiverTox database.
However, in a large number of these cases, the diagnosis of DILI
could not be verified.

● DILI is best diagnosed by a liver-specific CAM such as RUCAM, the
worldwide most commonly applied diagnostic algorithm for causality
assessment of DILI.

● Physicians, regulators, and administrators responsible for data quality
of the NIH LiverTox are encouraged to include in their database the
newly established drug listing and other RUCAM-based DILI cases.

● In addition, their RUCAM section requires an urgent actualization
regarding the updated RUCAM version and RUCAM use, combined
with the recommendation using the updated RUCAM more fre-
quently as done in other countries worldwide.

● The author concludes that DILI is a fascinating clinical issue, requiring
more attention and more stringent causality assessment, best
achieved by RUCAM.

This box summarizes key points contained in the article.
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[33]. What is more, although 5 of the 12 participating experts
originated from the US, these 5 experts were unable to intro-
ducing RUCAM in the US or including it in the US DILI data-
bases. This is a condition similar to actual US politics,
convening, agreeing, and then running away.

4.1. Principles

Following correct criteria-based screening for threshold values
of liver tests signifying a liver injury, DILI cases with their
implicated drugs should be submitted to a robust causality
assessment to qualify for evaluation of top-ranking drugs.

Some principles should be followed, such as (1) laboratory-
based definition of DILI signature, (2) use of RUCAM, (3) special
reference to exclusion of alternative causes as confounding
variables, and (4) use of positive reexposure results obtained
at unintentional rechallenge and retrospectively evaluated
based on established test criteria.

4.2. DILI signature

The DILI signature should be determined according to the
ratio R. The numerator is the ALT value expressed as a
multiple of ULN (ALT/ALT ULN), and the denominator is the

DILI

Idiosyncratic DILI

Unpredictability

Dose independency for most drugs

Long and variable latency period

Variable liver pathology

Low incidence in humans

Lack of experimental reproducibility 

Metabolic type

Duration of exposure:

1 week to several months

Lack of hypersensitivity 

features

Delayed response to 

reexposure (weeks)

Immunologic type

Duration of exposure:

Few weeks

Hypersensitivity features

Prompt response to reexposure with 1 

or 2 doses

Intrinsic DILI 

Predictability

Clear dose dependency

Short and consistent latency period 

Distinctive liver pathology

High incidence in humans

Experimental reproducibility

Figure 1. Characteristics of idiosyncratic DILI and intrinsic DILI.
Abbreviation: DILI, drug-induced liver injury.

Drug 

First          Microsomal metabolism
hit to toxic intermediates

Injury of the endoplasmic reticulum and       
mitochondria of the hepatocyte 

Second Innate and adaptive Second           Organelle stress
hit (A)           immunity system hit (B)           Perpetuation of injury

Initiation of apoptosis or Initiation of apoptosis or
necrosis cell death      necrosis     cell death 

Third Aggravation of Third Aggravation of
hit (A) liver damage hit (B) liver damage

Idiosyncratic DILI                      Intrinsic DILI 

Figure 2. Hypothetical cascade of events involving 3 hits and leading to cell death and DILI.
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ALP value expressed also as a multiple of the ULN (ALP/ALP
ULN). The ratio R should be calculated at the beginning of
the liver injury as the initial type could evolve over time
toward another type that would change the criteria for
causality assessment. In practice, two types of liver injury
are considered for evaluation: hepatocellular injury (R > 5)
and cholestatic/mixed liver injury (R ≤ 5) [13] as they have
different risk factors and time courses of ALT and ALP.
Consequently, the RUCAM scale is composed of two sub-
types, one for the hepatocellular injury (Table 1) and the
other one for the cholestatic/mixed liver injury
(Table 2) [13].

4.3. Essentials of RUCAM elements

RUCAM is characterized by seven well-defined and scored key
elements, the sum of which provides a final score with caus-
ality grading [13]. In addition to the tables providing the key
elements and the score [13], working instructions are available
in order to consider the vast majority of situations and there-
fore reduce inter-rater variability [14].

Key elements of RUCAM and their respective scores are
provided separately for the hepatocellular injury and the
cholestatic/mixed liver injury and include the following:
the timing of events, dechallenge, risk factors, comedica-
tions, search for alternative causes, known hepatotoxicity of
the suspect drug, and the results of unintentional rechal-
lenge [13]. In any case of suspected DILI, it is possible to
give a score to each element even when there is no infor-
mation on this element (score null). The final score for each
suspect drug indicates causality degrees: ≤0 point, excluded
causality; 1–2, unlikely; 3–5, possible; 6–8, probable; ≥9,
highly probable.

4.4. Alternative causes

Problematic for any evaluation including the approach of drug
ranking are alternative causes that were identified as so-called
DILI cases but were not real DILI [8,36–40]. As a diagnosis of
exclusion, DILI requires therefore along with the RUCAM algo-
rithm also consideration of other liver diseases mimicked by
DILI. In practice, they are compiled in a checklist (Figure 3),
which is not a comprehensive list and should be adapted to
the clinical context [8,14,34,35].

In cohort studies of DILI, the frequency of missed diag-
nosis may be up to 47% [8–10] but RUCAM use can help
screening for alternative causes [8]. Among the most
missed diagnoses were biliary obstruction, cholangitis,
choledocholithiasis, primary biliary cholangitis, and primary
sclerosing cholangitis. Other alternative diseases included
hepatitis B, C, and E, CMV, EBV, ischemic hepatitis, cardiac
hepatopathy, autoimmune hepatitis, nonalcoholic fatty
liver disease, nonalcoholic steatohepatitis, and alcoholic
liver disease [8]. For reasons of transparency, in publica-
tions on DILI case series, a flowchart signifying alternative
causes is often provided and recommended for future DILI
reports (Figure 4) [8].

4.5. Reexposure test criteria

Although rarely communicated, positive test results of unin-
tentional reexposure are elements of the diagnostic algorithm
of RUCAM and can strengthen the DILI diagnosis if certain
diagnostic criteria are met and published (Figure 5) [8].
However, for most cases of liver injury, published positive
reexposure tests were questionable or not confirmed and led
to cautionary statements of their interpretation [41,42] applic-
able also to DILI cases retrospectively evaluated for drug
ranking. Performing a prospective reexposure to gain better
criteria-based results is strongly discouraged due to high risks
and is clearly outside the recommended CAM approach using
RUCAM [13,14].

5. Highlights of RUCAM

RUCAM has many advantages for DILI cases and is predes-
tined to establish a ranking of drugs most implicated in
DILI. Due to space limitation, selected highlights with
appropriate references will be presented in condensed
form [13,14,34].

● Stepwise evaluation, initially clinical analysis and subse-
quently RUCAM
The first step is a careful clinical evaluation, which
includes data collection guided by the items required
in RUCAM [13]. This can be drawn from the case narra-
tive that also provides information on the clinical course
[43]. Subsequently, RUCAM should be applied with a
focus on the checklist of differential diagnoses
(Figure 3) [13]. RUCAM is applicable even in cases with
preexisting liver disease if new DILI is suspected
[13,14,44,45].

● Mandatory classification of the liver injury
RUCAM requires the fulfillment of specific liver injury
criteria including thresholds for liver tests [13]. This dif-
ferentiates RUCAM assessment according to the type of
the liver injury.

● Algorithm
RUCAM is based on a formal, sophisticated diagnostic
algorithm in order to evaluate DILI that is a complex
disease [13]; an algorithm was also used previously for
other complex diseases such as autoimmune hepatitis
(AIH) [46]. The usage of such diagnostic algorithms
facilitates a uniform approach to a valid diagnosis.

● Structured presentation and validation
The original RUCAM with its structured presentation of
seven categories and scored criteria [11–13] has been
validated already in its version of 1993 as detailed else-
where, taken positive rechallenge cases as gold standard
[12], an approach not redone for the updated RUCAM
that was also not the result of a consensus meeting [13]
as for the original RUCAM [11]. Of note, the updated
RUCAM contains essentially all key elements of the ori-
ginal version supplemented with diagnostic tests
required for HEV exclusion and specified more clearly
the threshold of alcohol use [13].

● Quantitative method based on individual and final scores
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Final scores provide a clear and objective causality grad-
ing for the DILI case and the implicated drug [13], with-
out a vague arbitrary percentage estimate obtained from
subjective introspection evaluation [34].

● Prospective and user-friendly use
RUCAM was conceptualized for prospective and user-
friendly application, which provides better data quality and
assessment results than any vague retrospective use [13].

Table 1. RUCAM scale for hepatocellular injury.

Suspected product: Date:

Items for hepatocellular injury Score Result

Drug or herb induced liver injury
1. Time to onset from the beginning of the drug/herb
● 5–90 days (rechallenge: 1–15 days) +2 □
● < 5 or > 90 days (rechallenge: > 15 days) +1 □
Alternative: Time to onset from cessation of the drug/herb
● ≤ 15 days (except for slowly metabolized chemicals: > 15 days) +1 □
2. Course of ALT after cessation of the drug/herb
Percentage difference between ALT peak and ULN
● Decrease ≥ 50 % within 8 days +3 □
● Decrease ≥ 50 % within 30 days +2 □
● No information or continued drug use 0 □
● Decrease ≥ 50 % after the 30th day 0 □
● Decrease < 50 % after the 30th day or recurrent increase –2 □
3. Risk factors
● Alcohol use (current drinks/d: > 2 for women, > 3 for men) +1 □
● Alcohol use (current drinks/d: ≤ 2 for women, ≤ 3 for men) 0 □
● Age ≥ 55 years +1 □
● Age < 55 years 0 □
4. Concomitant drug(s)/herb(s)
● None or no information 0 □
● Concomitant drug/herb with incompatible time to onset 0 □
● Concomitant drug/herb with time to onset 5–90 days –1 □
● Concomitant drug/herb known as hepatotoxin and with time to onset 5–90 days –2 □
● Concomitant drug/herb with evidence for its role in this case
(positive rechallenge or validated test)

–3 □

5. Search for alternative causes
Group I (7 causes)

Tick if negative Tick if not done

● HAV: Anti-HAV-IgM □ □
● HBV: HBsAg, anti-HBc-IgM, HBV-DNA □ □
● HCV: Anti-HCV, HCV-RNA □ □
● HEV: Anti-HEV-IgM,anti-HEV-IgG, HEV-RNA □ □
● Hepatobiliary sonography/Doppler/CT/MRC □ □
● Alcoholism (AST/ALT ≥ 2) □ □
● Acute recent hypotension history (particularly if underlying heart disease) □ □
Group II (5 causes)
● Complications of underlying disease(s) such as sepsis,
metastatic malignancy, autoimmune hepatitis, chronic
hepatitis B or C, primary biliary cholangitis or sclerosing
cholangitis, genetic liver diseases

□ □

● Infection suggested by PCR and titer change for
● CMV (anti-CMV-IgM, anti-CMV-IgG)

□ □

● EBV (anti-EBV-IgM, anti-EBV-IgG) □ □
● HSV (anti-HSV-IgM, anti-HSV-IgG) □ □
● VZV (anti-VZV-IgM, anti-VZV-IgG) □ □

Evaluation of groups I and II
● All causes-groups I and II – reasonably ruled out +2 □
● The 7 causes of group I ruled out +1 □
● 6 or 5 causes of group I ruled out 0 □
● Less than 5 causes of group I ruled out –2 □
● Alternative cause highly probable –3 □
6. Previous hepatotoxicity of the drug/herb
● Reaction labelled in the product characteristics +2 □
● Reaction published but unlabelled +1 □
● Reaction unknown 0 □
7. Response to unintentional reexposure
● Doubling of ALT with the drug/herb alone, provided ALT below 5ULN before reexposure

+3 □

● Doubling of ALT with the drug(s)/herb(s) already given at the time of first reaction +1 □
● Increase of ALT but less than ULN in the same conditions as for the first administration –2 □
● Other situations 0 □
Total score

The above items specifically refer to the hepatocellular injury rather than to the cholestatic or mixed liver injury, adapted from a previous detailed
report on the updated RUCAM [13]. Abbreviations: ALT, alanine aminotransferase; AST, aspartateaminotransferase; CMV, cytomegalovirus; CT,
computer tomography; DILI, drug-induced liver injury; EBV, Epstein–Barr virus; HAV, hepatitis A virus; HBc, hepatitis B core; HBsAg, hepatitis B
surface antigen; HBV, hepatitis B virus; HCV, hepatitis C virus; HEV, hepatitis E virus; HSV, herpes simplex virus; MRC, magnetic resonance
cholangiography; RUCAM, Roussel Uclaf Causality Assessment Method; ULN, upper limit of the normal range; VZV, varicella zoster virus. Total
score and resulting causality grading: ≤0, excluded; 1–2, unlikely; 3–5, possible; 6–8, probable; ≥9, highly probable.
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● Simplicity of item handling, clarity of item criteria, and
method reliability
Case management with RUCAM is quick, effective, and
cost saving, as items are clearly defined and results are
reliably obtained [13,14].

● Liver histology

Liver biopsy is not part of RUCAM [13,14]; the most
relevant and widely recognized reason is that any histo-
logical findings in DILI can mimic a liver disease [14,47]. If
patient will benefit from this invasive procedure, biopsy
may be considered.

● Robust framework, straightforward approach, and real-
time method

Table 2. RUCAM scale for cholestatic/mixed liver injury.

Suspected product: Date:

Items for cholestatic or mixed liver injury Score Result

Drug or herb induced liver injury
1. Time to onset from the beginning of the drug/herb
● 5–90 days (rechallenge: 1–90 days) +2 □
● < 5 or > 90 days (rechallenge: > 90 days) +1 □
Alternative: Time to onset from cessation of the drug/herb
● ≤ 30 days (except for slowly metabolized chemicals: > 30 days) +1 □
2. Course of ALP after cessation of the drug/herb
Percentage difference between ALP peak and ULN
● Decrease ≥ 50 % within 180 days +2 □
● Decrease < 50 % within 180 days +1 □
● No information, persistence, increase, or continued drug/herb use 0 □
3. Risk factors
● Alcohol use current drinks/d: > 2 for women, > 3 for men) +1 □
● Alcohol use (current drinks/d: ≤ 2 for women, ≤ 3 for men) 0 □
● Pregnancy +1 □
● Age ≥ 55 years +1 □
● Age < 55 years 0 □
4. Concomitant use of drug(s)/herb(s)
● None or no information 0 □
● Concomitant drug/herb with incompatible time to onset 0 □
● Concomitant drug/herb with time to onset 5–90 days –1 □
● Concomitant drug/herb known as hepatotoxin and with time to onset 5–90 days –2 □
● Concomitant drug/herb with evidence for its role in this case
(positive rechallenge or validated test)

-3 □

5. Search for alternative causes
Group I (7 causes)

Tick if
negative

Tick if not
done

● HAV: Anti-HAV-IgM □ □
● HBV: HBsAg, anti-HBc-IgM, HBV-DNA □ □
● HCV: Anti-HCV, HCV-RNA □ □
● HEV: Anti-HEV-IgM, anti-HEV-IgG, HEV-RNA □ □
● Hepatobiliary sonography/Doppler/CT/MRC □ □
● Alcoholism (AST/ALT ≥ 2) □ □
● Acute recent hypotension history (particularly if underlying heart disease) □ □
Group II (5 causes)
● Complications of underlying disease(s) such as sepsis, metastatic malignancy, autoimmune hepatitis,
chronic hepatitis B or C, primary biliary cholangitis or sclerosing cholangitis, genetic liver diseases

□ □

● Infection suggested by PCR and titer change for
● CMV (anti-CMV-IgM, anti-CMV-IgG) □ □
● EBV (anti-EBV-IgM, anti-EBV-IgG) □ □
● HSV (anti-HSV-IgM, anti-HSV-IgG) □ □
● VZV (anti-VZV-IgM, anti-VZV-IgG) □ □

Evaluation of groups I and II
● All causes – groups I and II – reasonably ruled out +2 □
● The 7 causes of group I ruled out +1 □
● 6 or 5 causes of group I ruled out 0 □
● Less than 5 causes of group I ruled out –2 □
● Alternative cause highly probable –3 □
6. Previous hepatotoxicity of the drug/herb
● Reaction labelled in the product characteristics +2 □
● Reaction published but unlabelled +1 □
● Reaction unknown 0 □
7. Response to unintentional reexposure
● Doubling of ALP with the drug/herb alone, provided ALP below 2ULN before reexposure +3 □
● Doubling of ALP with the drugs(s)/herbs(s) already given at the time of first reaction +1 □
● Increase of ALP but less than ULN in the same conditions as for the first administration –2 □
● Other situations 0 □
Total score

The above items specifically refer to the cholestatic or mixed liver injury, adapted from a previous detailed report of the updated
RUCAM [13]. Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; CMV, cytomegalovirus; CT, computer
tomography; DILI, drug-induced liver injury; EBV, Epstein–Barr virus; HAV, hepatitis A virus; HBc, hepatitis B core; HBsAg, hepatitis
B antigen; HBV, hepatitis B virus; HCV, hepatitis C virus; HEV, hepatitis E virus; HSV, herpes simplex virus; MRC, magnetic resonance
cholangiography; RUCAM, Roussel Uclaf Causality Assessment Method; ULN, upper limit of the normal range; VZV, varicella zoster
virus. Total score and resulting causality grading: ≤0, excluded; 1–2, unlikely; 3–5, possible; 6–8, probable; ≥9, highly probable.
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In clinical and regulatory practice well applied with veri-
table results published in most reports [15–29].

● Correct use
The scientific community expects that RUCAM is cor-
rectly applied, without artificial and intentional upgrad-
ing of causality levels in an attempt at classifying a
dietary supplement as hepatotoxic for publicity and reg-
ulatory reasons, as done in Honolulu resulting in unwar-
ranted claims refuted in a variety of analyses [48–55];
these reports to the contrary included an evaluation of
an incriminated ingredient [52] and a statistical assess-
ment of an apparent association that clearly ruled out a

causal association between the use of the dietary sup-
plement and liver injury [54]. Clearly, falsification of
RUCAM data must be resisted and the respective
Honolulu report under critical consideration should offi-
cially have been withdrawn for reasons of scientific cor-
rectness [48–55] rather than receiving unjustified
support by the Drug-Induced Liver Injury Network
(DILIN) [56].

● Mandatory systematic documentation and data
transparency
For DILI case assessment, a systematic documentation is
mandatory for case reports, regulatory purposes, and

Figure 3. Checklist of differential diagnoses in suspected DILI cases.
This tabular listing is adapted and derived from a previous publication [13]. Although not comprehensive, it is to be used as a guide and in connection with RUCAM [13]. Abbreviations:
AAA, anti-actin antibodies; AMA, antimitochondrial antibodies; ANA, antinuclear antibodies; ASGPR, asialo-glycoprotein-receptor; BMI, body mass index; CT, computed tomography; CYP,
cytochrome P450; DILI, drug-induced liver injury; PDH, pyruvate dehydrogenase; HAV, hepatitis A virus; HBc, hepatitis B core; HBV, hepatitis B virus; HCV, hepatitis C virus; HEV, hepatitis E
virus; HIV; human immunodeficiency virus; LKM, liver kidney microsomes; LP, liver-pancreas antigen; LSP, liver-specific protein; MRC, magnetic resonance cholangiography; MRT, magnetic
resonance tomography; p-ANCA, perinuclear antineutrophil cytoplasmatic antibodies; PCR, polymerase chain reaction; RUCAM, Roussel Uclaf Causality Assessment Method; SLA, soluble liver
antigen; SMA, smooth muscle antibodies; TSH, thyroid-stimulating hormone; TTG, tissue transglutaminase.
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reassessment by independent experts [13].
Documentation should start with the narrative, the list-
ing table with all RUCAM data [13], and a listing of
excluded alternative causes (Figure 3).

● Epidemiological, clinical, and genotyping studies
RUCAM has been used to identify DILI and herb-
induced liver injury (HILI) in studies of prescription
drugs, herbal medications, regulatory evaluations, epi-
demiological studies, phase I clinical studies, long-term
post-marketing clinical trials, and genotyping studies,

just to name a few examples as referenced in detail
[13]. As common to most approaches in clinical med-
icine, few limitations also exist for RUCAM, as already
discussed and referenced in detail [13,14]. The most
evident shortcoming is its possible retrospective use as
opposed to the recommended prospective use,
because retrospective DILI case data collection is cum-
bersome and commonly provides incomplete data,
which renders low or no individual scores for any
RUCAM element that is missing, leading to an overall

Figure 3. Continued.
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low causality grading. Similarly, the updated RUCAM is
as good as physicians and assessors are handling this
method and consider all basic RUCAM elements
including liver tests for the liver injury classification,
details of core elements and their scoring and differ-
ential diagnoses. Clearly, RUCAM has not primarily
been designed for chronic DILI and HILI or when a
suspected injury occurs on preexisting liver disease,
both are complex conditions. In essence, RUCAM is a
typical system that benefits from good data: good data
in and good data out. Otherwise, problems may
emerge.

● International appreciation and worldwide usage
It is a privilege for the scientific community engaged in DILI
that 25 years ago RUCAM was launched and presented as
publication with Gaby Danan as first author [11], who sub-
sequently promoted with RUCAM the idea of a professional
CAM for DILI cases with great success [13,14]. Experience to
date with RUCAM shows that it is the most commonly used
CAM by international registries, regulatory agencies, and
case reports to identify suspected DILI and HILI cases world-
wide, as evidenced by an increase in publications within the
last years [13]. As a major actual breakthrough and opposed
to the US NIH LiverTox website or the US DILIN, the updated

All cases of suspected DILI

Note: Case numbers should be mentioned, also  inclusion and 

exclusion  criteria

Excluded cases for:

- Alternative causes

-Other causes

Note: Case numbers and individual causes should be 

mentioned 

Excluded cases for low grade 

causality

RUCAM-based causality

-Excluded

- Unlikely

-Possible

Note: Case numbers should be mentioned

DILI cases with verified 

RUCAM-based causality

- Highly probable

- Probable 

Note: Case numbers  should be presented and detailed  

RUCAM-based results of scored items should be provided in 

a separate table for each case 

Excluded cases for:

- Incomplete case data

- Not meeting liver injury criteria 

- Lacking temporal association

- Unidentified product

- Other reasons

Note: Case numbers and individual causes should be 

mentioned

Figure 4. Suggested flowchart of DILI case series with excluded cases.
Reproduced from a previous publication [6], with permission of the Publisher Wiley (Hoboken, NJ, USA).
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version of RUCAM [13] is used as primary and sole CAM in
China in the CSH (Chinese Society of Hepatology) guidelines
for the diagnosis and treatment of DILI [57].

6. RUCAM-based DILI cases of databases

6.1. Top-ranking drugs and diversity among countries

Major classes of drugs implicated as causes in DILI cases have
been compiled from published reports of various countries in a
recent report [58]. More specifically, a ranking of specific drugs
most implicated in RUCAM-based DILI is available for various
drugs and countries according to selected actually published
reports [26,28,29]. For example, in Germany the drugs most
commonly implicated were, in descending order, flupirtine, clar-
ithromycin, fluoroquinolones, oestrogen+diogenoest, irbesartan,
terbinafine, and metamizole [26], while in China, DILI is most
frequently reported with antibiotics, antituberculosis drugs,
antithyroid drugs, antineoplastic drugs, hypolipidemic drugs,
antipyretic analgesics, antiepileptics, hypoglycemic drugs, anti-
virals, glucocorticoids, antithrombotics, and antihypertensive
drugs [28]. In India, these drugs are antituberculosis drugs
(49%), antiepileptic drugs (12%), complementary and alternative
medicine (10%), antiretroviral drugs (9%), and nonsteroidal anti-
inflammatory drugs (6%) [29]. It is important for the clinician in a
specific region to be aware of the likely cases of liver injury
induced by the drugs, herbs, or complementary medicines
used in the same region. This information is usually provided

by the local national regulatory agencies or specialized DILI
registries. Because the number of reported DILI cases in a given
country or region is highly dependent on the use of the drugs in
the same geographic area, the ranking of the most implicated
drugs should be interpretedwith caution. Obviating this regional
diversification, another approach would be a global assessment.

6.2. Global approach of top-ranking drugs in DILI

A large list of reports on RUCAM-based DILI cases has been
published in 2016 and can be used as guidance for case data
and drug evaluation [13]. Establishing a new list of drugs most
commonly implicated in DILI requires published case series of
DILI with verified causality best achieved for instance by using
the globally applied RUCAM. A previous analysis provided con-
vincing evidence that DILI databases of large medical centers
and national registries would be the most appropriate sources
of well-validated DILI cases [13,34]. These could be combined
for analysis in order to achieve a larger number of cases, in line
with suggestions made earlier [59]. Therefore, a total of 15
publications were analyzed that provided all together 3312
DILI cases with RUCAM-based causality (Table 3) [15–29].

6.2.1. Medical centers
Among the three reports provided by medical centers originat-
ing from several countries [17,20,29], there was a single retro-
spective study [20], and two had a prospective study protocol

Figure 5. Criteria of reexposure tests.
Conditions and criteria for an unintentional reexposure test, adapted from a previous report [13]. Accordingly, required data for the hepatocellular type of liver injury
are the ALT levels just before reexposure, designed as baseline ALT or ALTb, and the ALT levels during reexposure, designed as ALTr. Response to reexposure is
positive, if both criteria are met: first, ALTb is below 5 × ULN with ULN as the upper limit of the normal value, and second ALTr ≥2ALTb. Other variations lead to
negative or uninterpretable results. For the cholestatic/mixed type of liver injury, corresponding values of ALP are to be used rather than of ALT. Abbreviations: ALP,
alkaline phosphatase; ALT, alanine aminotransferase; n.a, not available.
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(Table 3) [17,29]. One of the prospective studies merits special
attention [29] as a report of excellence, because it providesmuch
support using RUCAM prospectively [60]. This prospective

approach ensured completeness of case data and thereby high
RUCAM-based causality gradings of highly probable (in 18% of
the patient cohort) and probable (70%), with lower gradings of

Table 3. Listing of selected national registries and medical centers that applied RUCAM in suspected DILI cases.

First author
Country
Region Center or Registry Drugs

Cases
(n) Details and comments

Björnsson 2005
[15]

Sweden/Europe University of Gothenburg; Swedish
Adverse Reaction Advisory
Committee

Multiple drugs 784 Prospective study evaluating cases submitted to
Committee. Considered were DILI cases with highly
probable, probable, and possible RUCAM-based
causality gradings.

Andrade, 2005
[16]

Spain/Europe Spanish Group for the Study of the
Drug-Induced Liver Disease,
Malaga

Multiple drugs 461 Prospective study with careful exclusion of alternative
causes and cohort evaluation by RUCAM. Listing of
individual drugs causing DILI.

Wai, 2006 [17] Singapore/Asia National University of Singapore Multiple drugs 29 Prospective study with exclusion of alternative causes
causes and DILI case evaluation using

RUCAM for causality assessment.
Andrade, 2006
[18]

Spain/Europe Spanish Group for the Study of the
Drug-Induced Liver Disease,
Malaga

Various drugs 28 Prospective study with exclusion of alternative causes.
Consideration of DILI cases with highly probable,
probable, and possible causality gradings established
by RUCAM.

García-Cortés,
2008 [19]

Spain
Europe

Spanish Group for the Study of the
Drug-Induced Liver Disease,
Malaga

Multiple drugs 193 Study analyzed actual DILI cases that had been
submitted to the registry. Cases with alternative causes
were excluded, causality for dugs and DILI cases was
verified using RUCAM.

Devarbhavi,
2010

[20]

India
Asia

St John’s Medical College Hospital,
Bangalore, India

Multiple drugs 313 Retrospective analysis of DILI cases and exclusion of
alternative causes. Considered were DILI cases with
highly probable, probable, and possible RUCAM-based
causality gradings.

Lucena, 2011
[21]

Spain, other
European
countries,
United States

Spanish DILI Registry, DILIGEN,
DILIN,

EUDRAGENE

Amoxicillin-
Clavulanate

187 Multi-center study of patients with DILI caused by
Amoxicillin-Clavulanate and with RUCAM-based
causality gradings of highly probable, probable, and
possible. For the present analysis, only patients with a
highly probable and probable causality were
considered.

Björnsson,
2012 [22]

Iceland/Sweden
Europe

University of Gothenburg/Swedish
Adverse Drug Reactions Advisory
Committee (SADRAC)

Statins 58 Retrospective analysis of cases with DILI caused by
statins, exclusion of alternative causes and RUCAM-
based causality gradings of highly of highly probable,
probable, and possible.

Stammschulte,
2012 [23]

Germany
Europe

Drug Commission of the German
Medical Association, Berlin

Flupirtine 10 Registry analysis of 37 patients with suspected DILI
caused by Flupirtine and exclusion of alternative
causes. RUCAM-based causality grading was unlikely,
possible, probable, and highly probable. For the
present study, 10 cases with a highly probable and
probable causality grading were considered.

Stephens, 2012
[24]

Spain Spanish Group for the Study of the
Drug-Induced Liver Disease,
Malaga

Amoxicillin-
Clavulanate

26 Analysis of 26 new cases in addition to previously
published cases. All cases had been submitted to
causality assessment using RUCAM, but causality
gradings were not provided.

Björnsson,
2013 [25]

Iceland
Europe

National University
Hospital; Reykjavic,
Iceland

Variuos drugs 54 Prospective study of DILI cases with causality assessment
using RUCAM. Cases with causality gradings of
possible, probable and highly probable were
considered.

Douros, 2014
[26]

Germany
Europe

Berlin Case-Control Surveillance
Study

Multiple drugs 198 Retrospective analysis of 198 DILI cases after exclusion of
alternative causes. RUCAM-based causality showed
causality grading of highly probable, probable, and
possible.

Robles-Diaz,
2015 [27]

Spain &
Latin
America

Spanish DILI Registry & Spanish-
Latin-

American DILI
Network

Anabolic and
androgenic
steroids

25 Analysis of cases retrieved from 2 prospective databases.
Only cases were presented as being drug related
based on causality assessment by RUCAM, but specific
causality gradings were not presented for individual
products although specifically itemized.

Zhu, 2015 [28] China
Asia

Specialized Committee for Drug-
Induced Liver Injury, Chinese
Pharmacological Society, Beijing,
China

Multiple drugs 870 Retrospective study of hospitalized patients with DILI by
Western drugs and careful exclusion of altenative
causes.Most drugs were specified in a listing. For all
DILI cases, causality assessment using RUCAM
provided causality gradings mostly of highly probable
or probable and rarely of possible.

Rathi, 2017
[29]

India
Asia

Lokmanya Tilak Municipal Medical
College, Sion, Mumbai,
Maharshtra, India

Multiple drugs 82 Prospective study considering DILI cases with RUCAM-
based causality gradings mostly of highly probable or
probable, and rarely of possible. Initially, alternative
causes had carefully been excluded.

Total cases:
3312

Abbreviations: DILI, drug-induced liver injury; RUCAM; Roussel Uclaf Causality Assessment Method.
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possible (5%), unlikely or excluded (9%). The prospective use of
RUCAM also facilitated early recognition of alternative causes in
eight patients of the study cohort: acute hepatitis E virus (HEV) in
three patients, autoimmune hepatitis in two patients, and hepa-
titis A and B, and sarcoidosis in one patient each [29,60]. Of note,
HEV is a specific item in the updated RUCAM [13], a relevant
diagnostic parameter rarely considered by other CAMs. In line
with previous views [13,14,34], the results of the study under
discussion also confirm that reliable causality data are achievable
without the need of large, costly DILI networks, dependent on
subjective global introspection [34].

6.2.2. DILI registries
In addition to reports that professionally and successfully used
RUCAM as referenced in detail [13,34], a variety of national DILI
registries presented DILI cases with RUCAM-based causality
assessment (Table 3) [14–16,18,19,21–28]. With the exception
of one study from China [28], all other 11 reports were of
European origin or had at least a close association with a
European country (Table 3). Selected articles are predominantly
from European countries, largely be traced back to 2005, when
Einar Björnsson in Sweden [15] and Raúl J. Andrade in Spain [16]
started publishing with their associates for the first time DILI case
details obtained from prospective registry protocols. They used
for causality assessment of DILI and implicated drugs the initially
sometimes called CIOMS syn. RUCAM, the diagnostic algorithm
established in Paris and launched by Gaby Danan, Christian
Bénichou, and their invited experts in 1993 [11]. They developed
RUCAM in consensus meetings consisting of experts in hepatol-
ogy from six countries. Among these experts were J. P.
Benhamou (France), J. Bircher (Germany), W. C. Maddrey (US), J.
Neuberger (UK), F. Orlandi (Italy), N. Tygstrup (Denmark), and H. J.
Zimmerman (US) [11]. Registries followed from other countries
such as Iceland, Spain, and Germany (Antonios Douros) [26], in
addition to some additional European countries [13]. Most of the
DILI cases from European registries had a prospective study
protocol with in-time detection of alternative causes, collection
of complete case data sets, and high causality gradings based on
RUCAM (Table 3). Europe first was a good approach in the DILI
area, and databases of European registries are now the leading
providers for DILI cases with RUCAM-based causality; their results
are included in the actual analysis.

7. Top-ranking drugs causing idiosyncratic RUCAM-
based DILI

7.1. Study cohort

Overall 48 drugs most implicated in DILI have previously been
suggested, but due to fragile inclusion criteria the proposed
ranking may be questioned [7]. For reassessment of these top-
ranking drugs most commonly implicated in idiosyncratic DILI,
a new approach was undertaken using published DILI cases
with RUCAM-based causality assessment. Inclusion of RUCAM
is a common approach worldwide, with low risk of not cor-
rectly diagnosing liver injury.

The present top-ranking should be viewed as tentative,
because an improved ranking with more cases and causality

assessment using the updated RUCAM provided by LiverTox
would be appreciated and will hopefully be available shortly.

7.2. Individual cases

In a first evaluating step, all drugs implicated in RUCAM-based
DILI cases were screened among published lists of the three
medical centers and six registries; some of these registry
reports were published sequentially with clear periods of
data acquisition, which prevented overlap of cases. The pre-
sent analysis provided a total of 3312 DILI cases caused by
various drugs (Table 3). In a second step, the 48 drugs iden-
tical with the proposed 48 top-ranking drugs [7] were main-
tained in the same alphabetical order from Allopurinol to
Valproate and individually listed with the number of DILI
cases published by the clinical centers and registries
(Table 4). For each drug, the total number of DILI cases caused
by one of the 48 drugs was calculated; the total number of
drugs implicated in causing DILI ranged from 333 down to 0
(Table 4). Finally, the third step provided the top ranking
among the 48 drugs implicating in RUCAM-based DILI cases,
with variable numbers of individual drugs (Table 5). Only 36/
48 drugs could be included in the top-ranking list, considering
as limit an extremely low case number of ≥1. Even worse, for
12/48 drugs, there was not a single RUCAM-based DILI case in
support of a liver injury that could be retrieved from the
databases of the specifically selected clinical centers or
registries.

These data of drug ranking with low drug numbers (Tables
4 and 5) are at variance with published suggestions of very
high numbers of drugs contained in the top-ranking list pub-
lished earlier [7]. Clearly, the analytical approaches are differ-
ent from the actual study (Table 3–5) as compared to the
previously published study [7], requiring a more detailed
discussion.

8. The NIH LiverTox website and top-ranking of
assumed drugs causing DILI

There is much expert criticism of data quality of the US NIH
LiverTox website in relation to presented DILI cases [7]. This
careful analysis led to the conclusion that although in LiverTox
a thorough literature search has been undertaken and is pro-
vided, no attempt has been made to judge the quality of the
published reports or the causality of the suspected liver injury
reported [7]. This is a real dilemma for the DILI community,
caused by neglecting essential procedural approaches
required for a careful selection of cases with robust causality
assessments such as by RUCAM and prospective in-time col-
lection of complete data sets of suspected DILI cases. These
shortcomings lead to concern whether physicians and the
scientific community can rely on qualified details of drugs
causing DILI [7]. In addition, uncertainty focused on the top-
ranking 48 drugs assumed as most commonly implicated in
causing DILI.

For a variety of reasons, the actual low-quality standard of DILI
cases accessible from the LiverTox database can be ascribed to
data incompleteness and the fact that many cases of suspected
DILI were not DILI, with fewer drugs than expected that had
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caused liver injury, a conclusion reached following expert analy-
sis [7]. More specifically, this careful study revealed that among
671 drugs available for analysis, 318 drugs (47%) listed in
LiverTox did not have evidence of liver injury. In order to over-
come the shortage of DILI cases with verified causality, 48 drugs
with more than 50 case reports have been arbitrarily assumed as

firm and high ranking drugs causing liver injury. There was also
the vague note that in 92% of these 48 drugs, a positive reexpo-
sure was documented but used test criteria and individual results
were not published for the poorly documented DILI cases [7]. In
general, retrospective evaluation of published reexposure tests
rarely leads to positive results because of incomplete data

Table 4. Most referenced drugs causing DILI.

Drug Drug Class/Indication Individual Cases (n) [Reference]
Total Cases

(n)

1. Allopurinol Gout prophylaxis 1 [26] 1
2. Amiodarone Arrhythmia 4 [26] 4
3. Amoxicillin-clavulanate Antibiotic 4 [15], 59 [16], 4 [18], 34 [19], 3 [20], 187 [21], 26 [24], 16 [25]. 333
4. Anabolic steroids Body building 25 [27], 1 [28] 26
5. Atorvastatin Lipid lowering agent 4 [15], 2 [18], 5 [20],

30 [22], 2 [25], 5 [28],
2 [29]

50

6. Azathioprine/6-Mercaptopurine Immunosuppressive 4 [15], 6 [16], 1 [20],
4 [25], 2 [26],

17

7. Busulfan Malignancy 0 [15–29] 0
8. Carbamazepine Antiepileptic 17 [15], 8 [16], 9 [20], 4 [26], 38
9. Chlorpromazine Psychosis 9 [15], 2 [28] 11
10. Contraceptives Birth control 6 [15], 1 [17], 1 [20],

9 [26]
17

11. Dandrolene Muscle relaxant 0 [15–29] 0
12. Diclofenac NSAID 20 [15], 12 [16], 1 [18],

1 [20], 2 [25], 8 [26],
2 [29]

46

13. Didanosine Antimicrobial 0 [15–29] 0
14. Disulfiram Substance abuse

agent
27 [15] 27

15. Efavirenz Antimicrobial 0 [15–29] 0
16. Erythromycin Antimicrobial 42 [15], 6 [16] 48
17. Floxuridine Antineoplastic 0 [15–29] 0
18. Flucloxacilllin Antimicobial 129 [15], 1 [26] 130
19. Flutamide Antineoplastic 17 [16] 17
20. Gold salts Immunosuppressive 5 [15] 5
21. Halothane Anaesthetic 15 [15] 15
22. Hydralazine Antihypertensive 1 [26] 1
23. Ibuprofen NSAID 4 [15],18 [16], 2 [20],

11 [26], 2 [28]
37

24. Infliximab Immunosuppressive 1 [26] 1
25. Interferon alpha/Peginterferon Antimicrobial 1 [29] 1
26. Interferon beta Multiple Sclerosis 1 [25], 2 [26] 3
27. Isoniazid Antituberculosis 7 [15], 9 [16], 3 [26] 19
28. Ketaconazole Antifungal 1 [28] 1
29. Methotrexate Immunosuppressive 3 [20], 2 [28], 3 [29] 8
30. Methyldopa Antihypertensive 0 [15–29] 0
31. Minocycline Antibiotic 0 [15–29] 0
32. Nevirapine Antimicrobial 0 [15–29] 0
33. Nimesulide NSAID 9 [16], 2 [20], 1 [28],

1 [29]
13

34. Nitrofurantoin Antibiotic 3 [15], 4 [25], 1 [26],
3 [28]

11

35. Phenytoin Antiepileptic 1 [18], 21 [20] 22
36. Propylthiouracil Antithyroid 1 [17], 1 [28] 2
37. Quinidine Arrhythmia 0 [15–29] 0
38. Pyrazinamide Antituberculosis 6 [26] 6
39. Rifampin Antituberculosis [3 [15], 4 [26] 7
40. Simvastatin Lipid lowering agent 4 [15], 28 [22], 7 [26],

2 [28]
41

41. Sulfamethoxazole/
Trimethoprim

Antibiotic 21 [15] 21

42. Sulfazalazine Antibiotic 7 [15] 7
43. Sulfonamides Antibiotic 0 [15–29] 0
44. Sulindac NSAID 5 [26] 5
45. Telithromycin Antibiotic 0 [15–29] 0
46. Thioguanine Antineoplastic 0 [15–29] 0
47. Ticlopidine Platelet inhibitor 5 [15], 13 [16], 1 [17] 19
48. Valproate Antiepileptic 5 [16], 1 [18], 3 [20],

3 [26], 1 [28]
13

Abbreviations: DILI, drug-induced live injury; NSAID, nonsteroidal anti-inflammatory drugs; RUCAM, Roussel Uclaf Causality Assessment
Method.
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meeting required test criteria [41,42] as published in detail [13]. It
was certainly not such a good idea to rank the 48 drugs using
merely numbers of cases as criterion [7], because the ranking
differed substantially if DILI cases are assessed by RUCAM (Tables
4 and 5). The low quality of DILI cases presented by the NIH
LiverTox website [7] was also confirmed by a DILIN member as
co-author of an additional report published in HEPATOLOGY
after peer review [61]. However, it must be acknowledged that

the primary aim of LiverTox is to provide a collection of informa-
tion available, and the creators seem to be aware of potential
issues (which can be found on the website), but appropriate
actions are evidently missing. Clearly, case quality of the
LiverTox website depends heavily on the quality of the sub-
mitted cases [7]. Finally, a consensus on an overall accepted
CAM including RUCAM is needed for LiverTox getting its DILI
cases better evaluated until valid biomarkers become available
used in published reports to be selected for inclusion in the
LiverTox database.

9. Future considerations

Drug ranking issues in DILI are important in clinical hepatol-
ogy, with few specific aspects that merit additional comments.

9.1. Governmental data mining

Data mining and evaluation of RUCAM-based DILI cases seem
to work perfectly in all assessed countries [14–29]. However,
evaluation shortcomings of liver injury cases are known in few
countries, with America first. This is disappointing for the
scientific community of DILI and HILI, also in face of the world-
wide reputation, the US health authorities have worldwide
outside of DILI and HILI. The best example is the US NIH
LiverTox database, which does provide a large number of
DILI cases that are not really DILI [7]. Problems of case assess-
ment associated with liver injury are known for other US
governmental-financed sections such as USP (United States
Pharmacopeia) using the obsolete liver unspecific Naranjo
scale for assessing suspected liver injury cases [62–67],
MedWatch using cases of liver injury submitted as sponta-
neous reports without a consistent causality assessment [48–
50,52–54], CDC (Centers for Disease Control) with question-
able professional case assessment [48–50,52–54], Hawaii
Department of Health (HDOH) with difficulties correctly ree-
valuating causality gradings and cases with suspected liver
injury as provided by treating physicians [48–50,52–54], the
FDA (Food and Drug Administration) with poor regulatory and
clinical case evaluation [48–50,52–54], and DILIN with pro-
blems of correct causality adjudication in injury cases
[51,53,56,68]. Indeed, the causes of problems are multiple
but a detailed discussion is outside of this review and
discouraging.

9.2. Professional data collection and case interpretation

Data mining of DILI cases is a special requirement during care
of patients with suspected DILI. This is important for supplying
DILI databases and other interested parties with accurate case
data (Table 6). It is also essential if a case report is planned,
because editors and reviewers usually request a robust caus-
ality assessment such as the updated RUCAM before publica-
tion can be considered. RUCAM-based DILI cases will also
allow for description of demographics of patient cohorts
with DILI and liver injury signatures typical for individual
drugs. Present problem is that DILI characteristics such as
risk factors of dose, duration of drug use, genetic susceptibil-
ity, preexisting liver disease, and obesity are often derived

Table 5. Ranking of drugs causing DILI with causality assessed by RUCAM.

Drug

RUCAM-
based DILI
cases (n)

LiverTox-based DILI cases
(n)

1. Amoxicillin-clavulanate 333 For all 48 drugs: >50 cases
reported in the LiverTox
database

2. Flucloxacilllin 130
3. Atorvastatin 50
4. Disulfiram 48
5. Diclofenac 46
6. Simvastatin 41
7. Carbamazepine 38
8. Ibuprofen 37
9. Erythromycin 27
10. Anabolic steroids 26
11. Phenytoin 22
12. Sulfamethoxazole/

Trimethoprim
21

13. Isoniazid 19
14. Ticlopidine 19
15. Azathioprine/6-

Mercaptopurine
17

16. Contraceptives 17
17. Flutamide 17
18. Halothane 15
19. Nimesulide 13
20. Valproate 13
21. Chlorpromazine 11
22. Nitrofurantoin 11
23. Methotrexate 8
24. Rifampicin 7
25. Sulfazalazine 7
26. Pyrazinamide 6
27. Gold salts 5
28. Sulindac 5
29. Amiodarone 4
30. Interferon beta 3
31. Propylthiouracil 2
32. Allopurinol 1
33. Hydralazine 1
34. Infliximab 1
35. Interferon alpha/

Peginterferon
1

36. Ketaconazole 1
37. Busulfan 0
38. Dandrolene 0
39. Didanosine 0
40. Efavirenz 0
41. Floxuridine 0
42. Methyldopa 0
43. Minocycline 0
44. Telithromycin 0
45. Nevirapine 0
46. Quinidine 0
47. Sulfonamides 0
48. Thioguanine 0

Derived from serveral publications (Table 3) [11–24], listed are the top-ranking
48 drugs causing DILI with verified causality using RUCAM, as compared to 48
drugs of the LiverTox database causing DILI without causality assessment by
RUCAM [7]. For the LiverTox DILI cases, global but not individual case numbers
were presented. For the 48 LiverTox drugs, >50 DILI cases were found; among
these, in 39/48 drugs, >100 DILI cases were described in the LiverTox
database.
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from DILI cases lacking RUCAM–based causality assessment.
For all these purposes, valid DILI cases are required, achievable
by using the updated RUCAM [13].

9.3. Diagnostic biomarkers

In the near future, more emphasis will have to be placed on
diagnostic biomarkers to make the diagnosis of DILI safer in
support of RUCAM [6]. As it presently stands, biomarkers
cannot solve the problems of alternative diagnoses confound-
ing DILI, and no valid diagnostic or prognostic biomarker
currently exists for idiosyncratic DILI, as evidenced by the
failure of several studies to showing good performance indi-
cators of candidates [6]. The main reasons would be that
idiosyncratic DILI is (1) typically a human disease hardly repro-
ducible in animals, and (2) DILI cases used for testing the new
biomarkers are not correctly assessed for causality that would
decrease substantially the power of the tested biomarker [6].
Here also RUCAM-based assessment will ensure homogeneity
of cases tested with the new biomarker. Diagnostic biomarkers
as blood (or urine) tests would be of great help for clinicians
and regulators, and pharmaceutical industry would be more
comfortable if, in addition to RUCAM, causality of DILI can be
objectively confirmed [6].

Among the potential biomarkers under discussion [11,69–
80] are CK-18 (cytokeratin-18), microRNA-122 (microarray RNA-
122), total HMGB-1 (high mobility group box protein-1), GLDH
(glutamate dehydrogenase), SDH (sorbitol dehydrogenase) pro-
posed as marker for hepatocyte necrosis, ccCK-18 (caspase-
cleaved cytoKeratin-18) proposed as marker for apoptosis,
hyperacetylated HMGB-1, and MCSFR-1 (macrophage colony-
stimulating factor receptor-1) proposed as marker for immune

activation [6,14]. Other proposals included M-30 (apoptosis),
M-65 (apoptosis/necrosis), and microRNA-192 (unspecified liver
damage). Some of the proposed biomarkers are not liver or not
drug specific, others are difficult to be assessed due to the
requirement of mass spectroscopy. Microarray RNAs
(microRNAs) including microRNA-122 have been evaluated in
experimental liver injury and in human intrinsic DILI caused by
acetaminophen syn paracetamol, but uncertainty exists on their
diagnostic value in human idiosyncratic DILI [6]. Studies on
biomarkers should be based on DILI with a highly probable or
probable causality grading assessed by the updated RUCAM.
The use of global introspection for causality assessment is
discouraged as discussed in detail [13,34,50,81,82].

10. Conclusion

For the analysis of the top-ranking drugs implicated in DILI,
RUCAM-based DILI cases were retrieved from international
databases of DILI registries and large medical centers, which
provided overall 3312 drugs. Global evaluation reveals that
among the top five ranking drugs implicated in DILI were, in
decreasing order: amoxicillin-clavulanate (antibiotic), flucloxa-
cilllin (antibiotic), atorvastatin (lipid-lowering agent), disulfiram
(substance abuse agent), and diclofenac (NSAID). Best sources
of drugs implicated in causing DILI are found globally not only
in published reports on case series or individual case reports,
but mainly in the databases of national DILI registries and
international medical centers outside the US. Indeed, the use
of the LiverTox website is presently discouraged because many
cases could not be classified as DILI. Hopefully, these short-
comings will soon be corrected, for instance by including only
DILI cases with established causality by the updated RUCAM.

Table 6. Future approaches.

Individual
steps Approaches Aims, details, and comments

Step 1 Establishing a DILI evaluating committee associated to a clinical center
or governmental registry

Selection of appropriate committee members with expertise of DILI and
causality assessment by RUCAM

Step 2 Protocol of a prospective study, defining cohort details such as criteria
of inclusion and exclusion. Focus should be on DILI and HILI cases or
liver injury by dietary supplements, which are to be included and
evaluated separately for each product.

A prospective study design has many advantages as compared to a
retrospective study, because data are more reliable and risk of bias
is low. Completeness of data ensures a good basis for a valid case
evaluation.

Step 3 Study protocol to be approved by local ethic commission, and
following strictly advice of the committee.

It will be easy to get permission, as patients received regulatory
approved medication with indication for a specific disease.

Step 4 Usage of RUCAM as its updated version of 2016, because previous
RUCAM versions are now obsolete; criteria are to be followed of
scoring of RUCAM elements.

Criteria are available for a liver injury and type of injury that
determines the subtype of the RUCAM scale to be used. Start early
with data collection.

Step 5 RUCAM-based causality should be assessed for each
comedicated drug or herb

Comedication is a common condition, individual RUCAM-based
causality gradings are required for each drug.

Step 6 Consideration of alternative causes according to the list of differential
diagnoses.

Consider that initially assumed DILI cases often are not DILI but
have to be attributed to other causes considered as confounders.

Step 7 Claimed positive tests of unintentional reexposure must be
verified using published criteria. Discouraged is a prospective
intentional reexposure due to high risks for the patient.

In most situations, data are insufficient and do not allow describing a
positive exposure test. Describe in detail what criteria were used,
also if intended to publish a case report.

Step 8 Calculation of the final RUCAM score based on the assessed elements,
which provides causality gradings ranging from

highly probable, probable, possible, unlikely to excluded for
each individual DILI case and individual drugs.

For publication purposes, only patients with a highly probable
or probable causality grading obtained by RUCAM should be
used, classified, and presented as such. Mixing various causality

gradings provides vague results in the study cohorts.
Step 9 Results of RUCAM data presented in a list and short case

narratives are helpful for possible reassessment by peers or
reviewers of the paper submitted for publication

Transparancy is a great advantage of RUCAM, but it requires
presentation of all relevant data including how RUCAM-based
scoring was done with respective scoring results.

Final step
10

Presentation of all data to the evaluating committee for final
evaluation and compiling a conlusive report.

The final reports may be submitted to national registries,
regulatory agencies, DILI databases, or the drug company.

26
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11. Expert opinion

Idiosyncratic DILI remains an example par excellence in clinical
and regulatory hepatology, because its diagnosis requires empa-
thy, dedication, engagement, close analytical scrutiny, well-
trained physicians, and courageous registry administrators will-
ing to adopt RUCAM for DILI cases assessment. Such qualifica-
tions and conditions are needed to establish a firm ranking of
drugs most commonly implicated in causing DILI. This is an
important question for physicians, who care for patients with
suspected DILI and would like to know the frequency of a drug
under consideration how often it causes liver injury. As expected,
occurrence is variable among different drugs, retrieved from
databases of 6 DILI registries and 3 large medical centers,
which provided overall 3312 drugs. Among the top 10 ranking
drugs implicated in causing DILI were, in descending order:
amoxicillin-clavulanate, flucloxacilllin, atorvastatin, disulfiram,
diclofenac, simvastatin, carbamazepine, ibuprofen, erythromy-
cin, and anabolic steroids. With amoxicillin-clavulanate at the
pole position, this raises the question whether the use of this
drug combination is associated with a high risk of liver injury,
which is more likely caused by the clavulanate part than by
amoxicillin. However, classifying the individual risk needs com-
parison with daily usage, a difficult approach among the many
countries from which data were retrieved. For comparison rea-
sons, the hepatotoxic risks of other antibiotics must also be
considered in the final risk assessment.

This actual ranking summarizes data derived from many
databases throughout the world but does not necessarily reflect
local conditions that require an individual drug ranking among
different countries. For instance, in Germany the drugs most
commonly implicated in causing DILI were, in descending
order, flupirtine, clarithromycin, fluoroquinolones, oestrogen
+diogenoest, irbesartan, terbinafine, and metamizole, while in
China, DILI is most frequently reported with antibiotics, antitu-
berculosis drugs, antithyroid drugs, antineoplastic drugs, hypo-
lipidemic drugs, antipyretic analgesics, antiepileptics,
hypoglycemic drugs, antivirals, glucocorticoids, antithrombo-
tics, and antihypertensive drugs. In India, these drugs are anti-
tuberculosis drugs on top, followed by antiepileptic drugs,
complementary and alternative medicine, antiretroviral drugs,
and nonsteroidal anti-inflammatory drugs. It is important for
the clinician in a specific region to be aware of the likely cases
of liver injury induced by the drugs, herbs or complementary
medicines used in the same region. This information is usually
provided by the national regulatory agencies or specialized DILI
registries. Because the number of reported DILI cases in a given
country or region is highly dependent on the use of the drugs
in the same geographic area, the ranking of the most impli-
cated drugs should be interpreted with caution.

The actual ranking was based on DILI cases that had been
assessed for causality using RUCAM. Most of the cases were
derived from registry and clinical studies with a prospective
study protocol. This is an important point because the pro-
spective use of RUCAM facilitates in-time collection of case
data to be used for RUCAM elements and ensures thereby
high causality gradings of highly probable or probable. In
addition, the prospective approach detects already at initial

evaluation alternative causes and diseases that have nothing
to do with drugs. Alternative causes confound DILI diagnosis,
because DILI often is not DILI, a crucial situation.

During case screening for this analysis, it became again evi-
dent that RUCAM is seen as the worldwide most commonly used
diagnostic algorithm to assess causality in DILI, as evidenced by
the large number of publications on RUCAM-based DILI cases.
Encouraging is also that many registries in Europe maintain
databases with inclusion of respective cases, in line with the
slogan: Europe first. This is opposed to the US strategy regarding
the NIH LiverTox database and its DILI cases that are not assessed
by RUCAM, which itself is marginally mentioned with statements
not up to date and referring to the initially launched RUCAM and
omitting the updated RUCAM version. In essence, quality of DILI
cases provided by the LiverTox website has been described 2
years ago as insufficient, associated with the failure to establish a
valid ranking of the drugs most implicated in DILI. Due to its
rarity, physicians are often not familiar with specificities of DILI
and may have problems suspecting DILI in an early stage, acquir-
ing the necessary laboratory data, and requesting diagnostic
tools. DILI databases such as LiverTox would be the preferred
source for receiving details of drugs that potentially injure the
liver, but it came under discussion because of poor case data and
poorly established DILI diagnosis. FDA physicians and adminis-
trators maintaining the LiverTox database should therefore be
encouraged incorporating only cases of drugs causingDILI with a
probable or highly probable causality grading based on RUCAM
found in the relevant international literature as also referenced in
the report describing the update of RUCAM [13]. This would
ensure valid case data presentation in the LiverTox database
and helps physicians caring for patients with suspected DILI.

It is the clear opinion of the author that substantial improve-
ments can and should be achieved, for the sake of patients,
physicians, regulators, and drug companies, and how this can
be achieved has been delineated. Not all points will be shared by
others in the field ofDILI, but such opinion paper has been invited
with the understanding to present the author’s own opinion in
clear words. Major differences in DILI assessment that are evident
between the US and Europe or Asia should lead to a harmonized
approach actually based on suggestions from Europe.
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