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IMPORTANCE Current approaches to classify the hepatotoxic potential of medications are
based on cumulative case reports of acute liver injury (ALI), which do not consider the size of
the exposed population. There is little evidence from real-world data (data relating to patient
health status and/or the delivery of health care routinely collected from sources outside of
a research setting) on incidence rates of severe ALI after initiation of medications, accounting
for duration of exposure.

OBJECTIVE To identify the most potentially hepatotoxic medications based on real-world
incidence rates of severe ALI and to examine how these rates compare with categorization
based on case reports.

DESIGN, SETTING, AND PARTICIPANTS This series of cohort studies obtained data from the
US Department of Veterans Affairs on persons without preexisting liver or biliary disease who
initiated a suspected hepatotoxic medication in the outpatient setting between October 1,
2000, and September 30, 2021. Data were analyzed from June 2020 to November 2023.

EXPOSURES Outpatient initiation of any one of 194 medications with 4 or more published
reports of hepatotoxicity.

MAIN OUTCOMES AND MEASURES Hospitalization for severe ALI, defined by either inpatient:
(1) alanine aminotransferase level greater than 120 U/L plus total bilirubin level greater than
2.0 mg/dL or (2) international normalized ratio of 1.5 or higher plus total bilirubin level greater
than 2.0 mg/dL recorded within the first 2 days of admission. Acute or chronic liver or biliary
disease diagnosis recorded during follow-up or as a discharge diagnosis of a hospitalization
for severe ALI resulted in censoring. This study calculated age- and sex-adjusted incidence
rates of severe ALI and compared observed rates with hepatotoxicity categories based on
cumulative published case reports.

RESULTS The study included 7 899 888 patients across 194 medication cohorts (mean [SD]
age, 64.4 [16.4] years, 7 305 558 males [92.5%], 4 354 136 individuals [55.1%] had
polypharmacy). Incidence rates of severe ALI ranged from 0 events per 10 000 person-years
(candesartan, minocycline) to 86.4 events per 10 000 person-years (stavudine). Seven
medications (stavudine, erlotinib, lenalidomide or thalidomide, chlorpromazine,
metronidazole, prochlorperazine, and isoniazid) exhibited rates of 10.0 or more events per
10 000 person-years, and 10 (moxifloxacin, azathioprine, levofloxacin, clarithromycin,
ketoconazole, fluconazole, captopril, amoxicillin-clavulanate, sulfamethoxazole-
trimethoprim, and ciprofloxacin) had rates between 5.0 and 9.9 events per 10 000
person-years. Of these 17 medications with the highest observed rates of severe ALI, 11 (64%)
were not included in the highest hepatotoxicity category when based on case reports.

CONCLUSIONS AND RELEVANCE In this study, incidence rates of severe ALI using real-world
data identified the most potentially hepatotoxic medications and can serve as a tool to
investigate hepatotoxicity safety signals obtained from case reports. Case report counts
did not accurately reflect the observed rates of severe ALI after medication initiation.
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D rug-induced acute liver injury (ALI) is the most com-
mon cause of acute liver failure in the US and Europe1-3

and historically was a frequent reason for withdrawal
of approved drugs from 1975 to 2007.4 Despite its clinical im-
portance, no systematic approach to classify hepatotoxicity
exists, to our knowledge. Researchers have used the number
of published case reports of medication hepatotoxicity listed
on the US National Institutes of Health LiverTox website5 to
create categories of likelihood for medications to cause se-
vere ALI (category A [well-known cause], ≥50 cases; category
B [highly likely], 12-49 cases; category C [probable], 4-11 cases;
and category D [possible], 1-3 cases).6 However, cases of drug-
induced ALI are frequently underreported.7,8 Moreover, cat-
egorizing hepatotoxic drugs using case reports does not
consider the number of individuals exposed and may not ac-
curately reflect incidence of severe ALI.

Assessing incidence rates of drug-induced ALI following
medication initiation within real-world data (data relating to
patient health status and/or the delivery of health care rou-
tinely collected from sources outside of a research setting)
offers an independent means of categorizing the potential
hepatotoxicity of medications. Because drug-induced ALI is
challenging to confirm in clinical practice, remains a diagno-
sis of exclusion, and is susceptible to misclassification,7 re-
searchers could evaluate severe ALI based on laboratory mea-
sures of substantial hepatic injury after systematically
excluding non–drug-related causes. This approach provides a
more objective screen for hepatotoxicity. Cohorts of initia-
tors of suspected hepatotoxic drugs can be created, with fol-
low-up censored at incident non–drug-related liver or biliary
disease diagnoses to avoid capturing events unrelated to medi-
cation exposure. Rates of severe ALI could be measured in large
cohorts, allowing investigation of hepatotoxicity safety sig-
nals from post-marketing adverse event reports. Yet, real-
world evidence on rates of severe ALI following initiation of
suspected hepatotoxic medications remains unknown.

This study evaluated rates of hospitalization for severe ALI
after outpatient initiation of suspected hepatotoxic medica-
tions. Drugs with at least 4 published reports of hepatotoxic-
ity were considered suspected hepatotoxins to focus analy-
ses on the most commonly implicated products.6 To increase
the likelihood that severe ALI events were medication re-
lated, rates were assessed after censoring for liver diseases,
biliary diseases, or other conditions precipitating findings of
ALI. Finally, we assessed whether observed rates of severe ALI
reflected existing categories of hepatotoxicity based on the
number of published case reports.

Methods
Study Design and Data Source
This study conducted cohort studies of initiators of sus-
pected hepatotoxic medications within the US Department of
Veterans Affairs (VA) using data between October 1, 1999, and
September 30, 2021. The VA comprises more than 1200 points
of care nationwide, including hospitals and outpatient clin-
ics. The VA electronic health record data include demo-

graphic characteristics, outpatient and hospital diagnoses, labo-
ratory results, and dispensed drugs.9 Race and ethnicity were
not reported in this study because they should not alter the
rate of severe ALI. We followed the Strengthening the Report-
ing of Observational Studies in Epidemiology (STROBE)
reporting guideline.10 This study was approved by the
institutional review boards of the VA Connecticut Health
System, Yale University, and the University of Pennsylvania
and was granted a waiver of informed consent as authorized
by 45 CRF §46.116(d).

Study Patients
Patients were eligible for inclusion in a medication initiator co-
hort if they had (1) a dispensed outpatient fill for any of 220
suspected hepatotoxic medications (defined by ≥4 published
reports of hepatotoxicity6 [eTable 1 in Supplement 1]) be-
tween October 1, 2000, and September 30, 2021; and (2) 365
days or longer prior to the dispensed fill without a prior fill for
that medication. We focused on outpatient medication initia-
tion to increase the likelihood that severe ALI events were drug
related; inclusion of medication initiators during hospitaliza-
tion would increase the potential that severe ALI might be due
to hospital-related events. A medication was not evaluated
if it was (1) not dispensed in the VA during the study period;
(2) administered via injection or intravenous route (exclud-
ing chemotherapy and hormone therapy); (3) used for alco-
hol use disorder or liver disease treatment; or (4) an antico-
agulant, which would prevent identification of ALI-related
coagulopathy. We did not evaluate topical, otic, ophthalmic,
subdermal, rectal, or vaginal medications.

The index date was the date the medication was initially
dispensed in the outpatient setting. For patients who were dis-
pensed multiple courses, only the first was evaluated. Pa-
tients could be included in more than 1 cohort if dispensed mul-
tiple suspected hepatotoxic medications during the study
period. The 365 days prior to the index date represented the
baseline period. Patients were excluded if, during baseline, they
had (1) hospitalization for severe ALI (to avoid including preva-
lent outcomes); (2) anticoagulant dispensed; (3) preexisting

Key Points
Question What are the most hepatotoxic medications based on
real-world rates of severe acute liver injury and how do these rates
compare with hepatotoxicity categorization based on published
case reports?

Findings This series of cohort studies among 7 899 888 persons
without liver or biliary disease who initiated any of 194 suspected
hepatotoxic medications in the outpatient setting from 2000
to 2021 found that 17 medications had rates of severe acute liver
injury at 5.0 or more events per 10 000 person-years,
representing the most potentially hepatotoxic medications;
11 medications (64%) were not included in the highest
hepatotoxicity category by case reports.

Meaning Because case reports of medication hepatotoxicity
do not consider the number of persons exposed, safety signals
derived from case reports should be investigated using
epidemiologic data.
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liver or biliary disease (to increase the likelihood that severe
ALI events were medication related), defined by hepatitis B in-
fection (positive hepatitis B surface antigen, e antigen, or DNA
test result), hepatitis C infection (positive hepatitis C RNA or
genotype test result), or liver or biliary disease diagnosis
(eTable 2 in Supplement 1); or (4) a condition that might pre-
cipitate findings consistent with severe ALI (eTable 3 in Supple-
ment 1). To minimize potential for inclusion of persons with
undiagnosed liver or biliary disease, we further excluded those
who, during baseline, had 2 alanine aminotransferase (ALT)
results at 40 U/L or higher (to convert to μkat/L, multiply by
0.0167) at least 6 months apart (validated to identify persons
with metabolic dysfunction–associated steatotic liver dis-
ease in the VA health care system11), 1 ALT level greater than
100 U/L, or 1 alkaline phosphatase result with a level greater
than 172 mg/dL (1.5 times the upper limit of normal [ULN],
115 mg/dL) (to convert to μkat/L, multiply by 0.0167).

Follow-up began on the index date and continued until
study end point (defined in the first paragraph of the next
section), medication discontinuation (no further fills within
30 days after last day’s supply), anticoagulant dispensing,
incident liver or biliary disease or other condition precipitat-
ing findings of ALI, 12 months after index date (because
drug-induced ALI typically develops within 12 months of
initiation12), last VA contact, or September 30, 2021, which-
ever occurred first.

Main Study Outcome
The primary outcome was hospitalization for severe ALI, de-
fined by meeting either of the following definitions within the
first 2 days of admission: (1) ALT level greater than 120 U/L
(3 times ULN, 40 U/L) plus total bilirubin level greater than 2.0
mg/dL (to convert to mmol/L, multiply by 17.104, 2 times ULN,
1.0 mg/dL) (definition 1); or (2) international normalized ratio
(INR) of 1.5 or higher plus total bilirubin level greater than 2.0
mg/dL (definition 2). Both definitions represent severe ALI and
have been used by the US Food and Drug Administration’s
Sentinel System to assess clinically significant drug-induced
ALI in the postmarketing period.13 Definition 1 represents Hy’s
Law biochemical criteria,14 which identifies hepatocellular in-
jury severe enough to interfere with bilirubin excretion and
predisposes a high mortality risk.15,16 Definition 2 identifies he-
patic dysfunction that might present in an advanced stage of
acute liver failure, in which liver aminotransferases might not
be high enough to meet definition 1.13 We evaluated severe
ALI within the first 2 days of admission to avoid ascertaining
outcomes that developed as a result of hospitalization. Out-
comes were classified on the admission date. We assessed hos-
pitalizations for severe ALI because such events represent ALI
at the severe end of the spectrum, minimizing potential for mis-
classification bias. To increase the likelihood that severe ALI
events were drug related, patients with a discharge diagnosis
of liver or biliary disease or other condition that precipitates
findings consistent with severe ALI (eTables 2 and 3 in Supple-
ment 1) were censored as nonevents on the admission date.

To estimate the frequency that severe ALI events were
medication related, we randomly sampled 75 patients who had
an event. Two hepatologists independently reviewed the hos-

pital records of these patients and assessed whether a medi-
cation possibly caused or contributed to the severe ALI. Among
the 75 patients, 57 (76.0%; 95% CI, 64.7%-85.1%) had a hos-
pitalization for severe ALI that was deemed medication re-
lated. Details are given in the eMethods in Supplement 1.

Covariates
Baseline data included date and route of medication admin-
istration and days’ supply; age; sex; body mass index (BMI; cal-
culated as weight in kilograms divided by height in meters
squared); diabetes and hyperlipidemia diagnoses (eTable 4 in
Supplement 1); medication count at initiation date; and INR,
total bilirubin, ALT, and alkaline phosphatase results. Medi-
cation count was evaluated because of the observed linear as-
sociation between the number of dispensed medications and
drug interactions.17 Medication count was defined by the num-
ber of unique drugs dispensed 90 days or less prior to the in-
dex date; patients were classified as having polypharmacy
if dispensed 5 or more medications.18,19 For co-formulated
medications, each component was counted separately. Data
collected during follow-up included number of days’ supply
of medications; hospital ALT, INR, and total bilirubin level;
anticoagulant use; liver transplant (eTable 5 in Supple-
ment 1); and all-cause mortality within 180 days of hospital-
ization for severe ALI.

Statistical Analysis
We calculated age- and sex-adjusted rates of outcomes for each
medication using Poisson regression analysis. The model in-
cluded age (as a continuous variable), sex, and suspected hepa-
totoxic drug. A test for goodness of fit confirmed the data were
not overdispersed. To ensure sufficient precision to estimate
rates, we included medication cohorts in the primary analy-
sis if either (1) the 95% CI width for the rate was less than 3 times
the point estimate, or (2) 10 000 or more person-years of
follow-up was present.

We organized medications into groups based on ob-
served rate of severe ALI (≥10.0 [group 1], 5.0-9.9 [group 2],
3.0-4.9 [group 3], 1.0-2.9 [group 4], and <1.0 [group 5] events
per 10 000 person-years). We classified groups 1 and 2 medi-
cations as the most potentially hepatotoxic. We identified
the number (percentage) of groups 1 and 2 medications that
were classified as category A, B, or C by case report–based
categorization.6

We performed several sensitivity analyses to assess the ro-
bustness of the results. First, we repeated the analysis after ad-
ditionally adjusting for diabetes, hyperlipidemia, and obesity
(BMI > 30), since metabolic comorbidities may alter rates of
severe ALI.20 Second, we stratified results by sex. Third, we
reran our analysis after limiting the cohorts to persons younger
than 65 years, since veterans younger than 65 years are less
likely to receive care outside the VA because they are typi-
cally ineligible for US Medicare.21 Fourth, we explored the ef-
fects of drug-drug interactions on the results. Since patients
could be dispensed multiple hepatotoxic medications that
might increase rates of severe ALI and misclassify assign-
ment of medications to a group, we excluded individuals who
were additionally dispensed any medication from groups 1 and
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2 no more than 90 days prior to the index date and recalcu-
lated the rates. To explore whether our groupings were pre-
served with polypharmacy, we recalculated rates among
initiators dispensed 5 or more unique medications within 90
days prior to the index date. Data were analyzed from June
2020 to November 2023 using SAS Enterprise Guide 8.2
(SAS Institute Inc).

Results
The study included 7 899 888 patients who initiated treat-
ment with a suspected hepatotoxic medication in the outpa-
tient setting from 2000 to 2021 (mean [SD] age, 64.4 [16.4]
years, 7 305 558 males [92.5%], and 4 354 136 individuals
[55.1%] had polypharmacy).

Among the 220 medications with 4 or more published re-
ports of hepatotoxicity, 26 could not be evaluated because they
were (1) not dispensed in the VA (n = 8), (2) administered via
injection or an intravenous route (n = 13), (3) used for alcohol
use disorder or liver disease treatment (n = 2), or (4) antico-
agulants (n = 3), leaving 194 medications for evaluation
(eTable 1 in Supplement 1). For each of the 194 medication
cohorts, eTable 6 in Supplement 1 provides the reasons for
exclusion and final samples. The most common reason for ex-
clusion was 365 or fewer days in the VA prior to the initial
outpatient fill.

Among the 7 899 888 patients, we identified 1739 hospi-
talizations for severe ALI; 5 patients (0.3%) underwent liver
transplant and 473 (27.2%) died within 180 days of an event.
After calculating age- and sex-adjusted rates of severe ALI,
91 medications (46.9%) were not included in the primary analy-
sis because either the 95% CI was more than 3 times the point
estimate of severe ALI or there was too little person-time of
follow-up (eTable 7 in Supplement 1). Three of these drugs
(didanosine, nevirapine, and pyrazinamide) had rates of
10 events or more per 10 000 person-years, while 68 drugs
had no observed events.

Figure 1 shows the 17 medications in groups 1 and 2 with
the highest observed rates of severe ALI, their age- and sex-
adjusted rates of severe ALI, and hepatotoxicity category based
on the number of reported cases. Sample sizes and numbers
of events are reported in the Table. Incidence rates of severe
ALI ranged from 0 events per 10 000 person-years (candesar-
tan, minocycline) to 86.4 events per 10 000 person-years
(stavudine). Seven medications (stavudine, erlotinib, lenalido-
mide or thalidomide, chlorpromazine, metronidazole,
prochlorperazine, and isoniazid) exhibited rates of 10.0 or more
events per 10 000 person-years, and 10 (moxifloxacin, aza-
thioprine, levofloxacin, clarithromycin, ketoconazole, flucon-
azole, captopril, amoxicillin-clavulanate, sulfamethoxazole-
trimethoprim, and ciprofloxacin) had rates between 5.0 and
9.9 events per 10 000 person-years. Despite these medica-
tions having the highest rates of severe ALI, 11 medications

Figure 1. Incidence Rates of Hospitalization for Severe Acute Liver Injury (ALI) for Group 1 and 2 Medications

0 60 10040 80
Age-and sex-adjusted incidence rates of severe

acute liver injury (per 10 000 person-years)

20

Drug name
Incidence rate, %
(95% CI) 

Stavudine 86.4 (27.7-269.7)
Erlotinib 19.7 (7.4-53.0)
Lenalidomide 13.7 (6.4-28.9)
Chlorpromazine 12.0 (4.5-32.3)
Metronidazole 11.8 (7.4-18.7)
Prochlorperazine 11.6 (7.4-18.2)
Isoniazid 10.5 (5.8-19.2)

Group 1 (≥10.0 events per 10 000 person-years)A

0 60 10040 80
Age-and sex-adjusted incidence rates of severe

acute liver injury (per 10 000 person-years)

20

Drug name
Incidence rate, %
(95% CI) 

Moxifloxacin 9.3 (5.6-15.4)
Azathioprine 7.7 (3.7-16.4)
Levofloxacin 7.2 (4.6-11.1)
Clarithromycin 6.7 (3.3-13.5)
Ketoconazole 6.1 (2.0-19.0)
Fluconazole 6.0 (3.4-10.4)
Captopril 5.8 (2.7-12.2)
Amox/Clavulanate 5.4 (3.7-7.9)
Sulfamethoxazole 5.1 (3.5-7.3)
Ciprofloxacin 5.1 (3.5-7.4)

Group 2 (5.0-9.9 events per 10 000 person-years)B

Category A, ≥50 reported cases
Category B, 12-49 reported cases
Category C, 4-11 reported cases

Age- and sex-adjusted incidence rates
(solid circles), reported with 95% CIs
(whiskers), were assessed among
patients without preexisting liver or
biliary disease and after censoring for
incident diagnoses of liver or biliary
diseases or other conditions that
might precipitate findings consistent
with severe ALI. Colors represent
the categories of likelihood to cause
severe ALI based on the number
of published case reports on the
medication’s hepatotoxicity.
Amox indicates amoxicillin.
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(64%) were classified in the less hepatotoxic categories B or C
based on case reports. Eleven medications (64%) in groups 1
and 2 were antimicrobials. Rates of severe ALI, sample sizes,
and number of events for the medications in group 3 (n = 7),
group 4 (n = 37), and group 5 (n = 42) are shown in Figure 2
and Figure 3 and in eTable 8 in Supplement 1. Among the group
3, 4, and 5 medications, 3 (43%), 5 (14%), and 8 (19%), respec-
tively, were classified as category A (most hepatotoxic) by
case reports.

Sensitivity Analyses
After additionally adjusting for diabetes, hyperlipidemia, and
obesity, rates of severe ALI remained similar (eFigures 1-3 in
Supplement 1). Second, among medications with rates that
could be estimated with sufficient precision, the groupings
were similar in males and females (eTable 9 in Supplement 1).
The rate of severe ALI with estrogen or progestin medications
was higher in males than females (10.4 vs 0.0 events per
10 000 person-years). Third, after limiting each cohort to per-
sons younger than 65 years, severe ALI rates were slightly
lower in magnitude compared with the primary analysis.
Rates of severe ALI for captopril and sulfamethoxazole
decreased from 5.8 to 2.7 and 5.1 to 3.1 events per 10 000
person-years, respectively; however, the groupings of the
remaining medications remained preserved (eFigures 4-6 in
Supplement 1). Fourth, after excluding persons additionally
dispensed groups 1 and 2 medications 90 or fewer days prior
to suspected hepatotoxic drug initiation (eTable 10 in Supple-
ment 1), rates of severe ALI for groups 1 and 2 medications
were slightly lower than in the primary analysis (eFigures 7-9
in Supplement 1). Rates of outcomes for fluconazole and cap-
topril decreased from 6.0 to 1.8 and from 5.8 to 2.6 events per
10 000 person-years, respectively, but groupings for other
medications were generally preserved with the recalculated
rates. When severe ALI in the presence of polypharmacy was
examined, rates of outcomes were similar to the primary
analysis and groupings were preserved (eFigures 10-12 in
Supplement 1).

Discussion
This series of cohort studies used real-world data to measure
incidence rates of hospitalization for severe ALI following out-
patient initiation of suspected hepatotoxic medications among
persons without preexisting liver or biliary disease. The analy-
ses identified 17 medications (groups 1 and 2) with the high-
est rates of severe ALI. These drugs remained the most poten-
tially hepatotoxic after excluding concomitant users of other
medications of groups 1 and 2 and with polypharmacy. Cat-
egorization of hepatotoxicity based on the number of pub-
lished case reports did not accurately reflect observed rates
of severe ALI.

Antimicrobial medications represented 64% of the medi-
cations from groups 1 and 2 with the highest rates of severe
ALI. Antifungal and older antiretroviral medications have been
particularly implicated as hepatotoxic.22,23 This is consistent
with our findings.

This study represents a systematic, reproducible ap-
proach to using real-world data to measure rates of severe ALI
following medication initiation among patients without liver
or biliary disease. Regulators and clinicians have relied on pub-
lished case reports to assess the hepatic safety of drugs, but
our results show that the number of reports inaccurately rep-
resents rates of severe ALI. We created cohorts of new initia-
tors of outpatient medications, defined the period of expo-
sure as the time receiving medication through 30 days after
discontinuation (to capture events shortly after cessation) and
evaluated a composite laboratory-based severe ALI outcome
indicating significant hepatic injury. We reduced the likeli-
hood of capturing non–drug-related severe ALI by censoring
as nonevents patients with liver or biliary disease or other con-
ditions precipitating ALI. We accounted for potential effects
of drug-drug interactions by examining rates of outcomes af-
ter exclusion of concomitant users of groups 1 and 2 drugs and
those with polypharmacy; results showed that medications
from groups 1 and 2 remained the most hepatotoxic. These
methods could allow measurement of rates of severe ALI
for medications and enable evaluation of hepatotoxicity safety
signals from spontaneous reports.

The study has important implications for clinical care.
Patients initiating a medication with a high rate of severe ALI
might require closer monitoring of liver-related laboratory tests
to detect evolving hepatic dysfunction earlier, which might
improve prognosis. Within electronic health record systems,
automated messages could alert clinicians ordering a high-
risk medication to the potential for severe ALI and to con-
sider laboratory monitoring. The results also provide real-
world evidence of the hepatic safety of certain medications.
For example, although some statins were included in cat-
egory A or B based on reported cases of hepatotoxicity, rates
of severe ALI for these medications were low (<1.0 event per
10 000 person-years).

Our method of measuring rates of severe ALI after sus-
pected hepatotoxic medication initiation could be applied
within other electronic medical record data outside the VA sys-
tem. The approach could be modified to identify new poten-
tially hepatotoxic drugs by looking back from hospitaliza-
tions for severe ALI and examining associations with proximal
medications. This method could also be expanded to exam-
ine other medication-related toxic effects on organs.

Limitations
Our study has several limitations. First, we did not perform a
causality assessment of all outcomes. Within a random sample
of severe ALI events, 76% were deemed medication related by
hepatologist review. Some severe ALI events might have been
caused by herbal and dietary supplements, over-the-counter
drugs such as acetaminophen, or other hepatotoxic medica-
tions that were not ascertained. Some events may have been
due to non–drug-related conditions that evaded censoring be-
cause they were not recorded as discharge diagnoses. We also
might have missed steatotic liver disease among individuals
without baseline liver-related laboratory tests. However, there
is no reason to believe that these products or conditions were
differentially distributed across cohorts.
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Figure 2. Incidence Rates of Hospitalization for Severe Acute Liver Injury (ALI)
for Group 3 and 4 Medications

0 6 144 8 10 12
Age-and sex-adjusted incidence rates of severe

acute liver injury (per 10 000 person-years)

2

Drug name
Incidence rate, %
(95% CI) 

Cyproheptadine 4.96 (2.6-9.3)
Estrogens 4.9 (3.3-7.4)
Methimazole 4.4 (1.4-13.6)
Amiodarone 4.0 (2.6-6.0)
Azithromycin 4.0 (2.3-6.8)
Hydralazine 3.8 (2.7-5.2)
Cephalexin 3.7 (2.3-5.9)

Group 3 (3.0-4.9 events per 10 000 person-years)A

0 6 144 12108
Age-and sex-adjusted incidence rates of severe

acute liver injury (per 10 000 person-years)

2

Drug name
Incidence rate, %
(95% CI) 

Doxycycline 2.7 (1.8-4.2)

Carbamazepine 2.6 (1.2-5.5)

Lansoprazole 2.6 (1.6-4.2)

Clindamycin 2.5 (1.0-5.9)

Nitrofurantoin 2.3 (0.9-6.1)

Phenytoin 2.1 (0.8-5.7)

Quinine 2.1 (0.9-4.7)

Irbesartan 2.1 (1.3-3.5)

Ramipril 2.1 (0.8-5.0)

Adalimumab 2.0 (0.7-5.3)

Ranitidine 1.9 (1.5-2.5)

Amoxicillin 1.9 (1.0-3.7)

Enalapril 1.9 (1.1-3.0)

Allopurinol 1.8 (1.4-2.5)

Piroxicam 1.6 (0.8-3.1)

Risperidone 1.5 (0.9-2.7)

Amitriptyline 1.5 (1.0-2.4)

Trazodone 1.4 (1.1-1.9)

Omeprazole 1.4 (1.2-1.7)

Famotidine 1.3 (0.8-2.2)

Levetiracetam 1.3 (0.6-3.2)

Sulindac 1.3 (0.6-2.8)

Mesalamine 1.2 (0.3-5.0)

Olanzapine 1.2 (0.5-3.0)

Indomethacin 1.2 (0.5-3.0)

Glyburide 1.2 (0.7-1.9)

Clopidogrel 1.2 (0.9-1.5)

Pregabalin 1.1 (0.6-2.1)

Mirtazapine 1.1 (0.8-1.7)

Naproxen 1.1 (0.8-1.6)

Paroxetine 1.1 (0.6-1.9)

Methylphenidate 1.1 (0.3-3.3)

Glipizide 1.0 (0.8-1.4)

Sertraline 1.0 (0.8-1.4)

Lamotrigine 1.0 (0.4-2.5)

Citalopram 1.0 (0.7-1.4)

Diltiazem 1.0 (0.6-1.6)

Group 4 (1.0-2.9 events per 10 000 person-years)B

Category A, ≥50 reported cases
Category B, 12-49 reported cases
Category C, 4-11 reported cases

Age- and sex-adjusted incidence rates
(solid circles), reported with 95% CIs
(whiskers), were assessed among
patients without preexisting liver or
biliary disease and after censoring for
incident diagnoses of liver or biliary
diseases or other conditions that
might precipitate findings consistent
with severe ALI. Colors represent
the categories of likelihood to cause
severe ALI based on the number
of published case reports of the
medication’s hepatotoxicity.
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Second, because ascertainment of ALI relied on labora-
tory tests, surveillance bias may have contributed to the re-
sults, as clinicians might have performed more testing on
persons dispensed medications with a greater number of hepa-
totoxicity reports. Third, our approach might have underes-
timated rates of outcomes, since veterans may present for
emergent care outside the VA. Fourth, the 95% CIs around the
severe ALI incidence rates could have been too narrow, as they
did not account for the rate of outcome misclassification. Fifth,
because we did not perform hypothesis testing or make for-
mal statistical comparisons in rates between the medi-

cations of interest, we did not apply adjustment for multiple
comparisons in our results.

Sixth, while we examined medication count as a proxy for
drug-drug interactions, it was beyond the scope of our analy-
ses to examine rates of severe ALI with specific combinations
of medications. Seventh, we did not evaluate the influence of
medication dose on severe ALI rates. Eighth, we did not exam-
ine rates of severe ALI after initiation of medications that had
1 to 3 published reports of hepatotoxicity. Instead, we focused
on medications with the highest number of hepatotoxicity re-
ports, since these are likely to be perceived as having the high-

Figure 3. Incidence Rates of Hospitalization for Severe Acute Liver Injury (ALI) for Group 5 Medications

0 3 42
Age-and sex-adjusted incidence rates of severe

acute liver injury (per 10 000 person-years)

1

Group 5 (<1.0 events per
10 000 person-years)

Incidence rate, %
(95% CI) 

Drug name

Atorvastatin 0.99 (0.8-1.2)

Fluvastatin 0.99 (0.4-2.2)

Lisinopril 0.97 (0.8-1.2)

Lovastatin 0.97 (0.6-1.5)

Pantoprazole 0.97 (0.7-1.4)

Glimepiride 0.9 (0.3-3.0)

Ibuprofen 0.9 (0.6-1.3)

Simvastatin 0.9 (0.7-1.1)

Verapamil 0.8 (0.3-2.2)

Diclofenac 0.8 (0.5-1.4)

Etodolac 0.8 (0.5-1.4)

Gabapentin 0.8 (0.6-1.0)

Rosiglitazone 0.7 (0.4-1.4)

Celecoxib 0.7 (0.3-1.9)

Fluoxetine 0.7 (0.4-1.2)

Losartan 0.7 (0.5-1.0)

Levocetirizine 0.7 (0.5-1.1)

Quetiapine 0.7 (0.4-1.3)

Montelukast 0.7 (0.4-1.2)

Duloxetine 0.7 (0.4-1.2)

Venlafaxine 0.7 (0.4-1.2)

Bupropion 0.6 (0.4-1.0)

Alfuzosin 0.6 (0.3-1.5)

Valproate 0.6 (0.3-1.4)

Metformin 0.6 (0.4-0.9)

Rosuvastatin 0.6 (0.4-0.9)

Androgenic steroids 0.6 (0.3-1.5)

Pravastatin 0.6 (0.4-0.9)

Amlodipine 0.6 (0.5-0.8)

Methotrexate 0.5 (0.1-2.2)

Gemfibrozil 0.5 (0.3-0.9)

Nifedipine 0.4 (0.2-1.0)

Fenofibrate 0.4 (0.1-1.4)

Meloxicam 0.4 (0.3-0.7)

Ezetimibe 0.4 (0.2-1.0)

Topiramate 0.4 (0.1-1.3)

Terbinafine 0.4 (0.1-1.2)

Amphetamine 0.4 (0.0-2.5)

Pioglitazone 0.4 (0.1-0.9)

Acarbose 0.3 (0.0-2.2)

Candesartan 0 Events, 11 037 person-years

Minocycline 0 Events, 14 161 person-years

Category A, ≥50 reported cases
Category B, 12-49 reported cases
Category C, 4-11 reported cases

Age- and sex-adjusted incidence rates
(solid circles), reported with 95% CIs
(whiskers), were assessed among
patients without preexisting liver or
biliary disease and after censoring for
incident diagnoses of liver or biliary
diseases or other conditions that
might precipitate findings consistent
with severe ALI. Colors represent
the categories of likelihood to cause
severe ALI based on numbers of
published case reports of
hepatotoxicity.
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est risk of severe ALI. Future studies should evaluate these other
medications. Ninth, our study included predominantly male
patients without liver or biliary disease. Results may not be
generalizable to females or individuals with liver disease.

Conclusions
This series of cohort studies demonstrated that real-world data
can be used to measure rates of hospitalization for severe ALI

following outpatient initiation of suspected hepatotoxic medi-
cations among persons without preexisting liver or biliary dis-
ease. We identified medications with the highest rates of severe
ALI after censoring for non–drug-related causes. Categorization
of hepatotoxicity by case reports did not accurately reflect se-
vere ALI rates using real-world data. This study provides a frame-
work for investigating postmarketing hepatotoxicity safety sig-
nals. Future studies should evaluate rates of severe ALI among
persons with chronic liver disease to provide evidence on the
hepatic safety of medications in these patients.
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